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Jennifer Ann Bennett

ABSTRACT
Here I describe both molecular and classical genetic approaches to the study of
prokaryotic cell division. I detail the characterization of four cell division gene homologues:
ftsL, divIC, ftsW and ftsI. FtsI, a penicillin-binding protein and transpeptidase involved
specifically in septal peptidoglycan biosynthesis, is the only protein product of these four genes
with a known role during cell division. I show that a null-mutation in any of the four genes
resulted in a mutant with a medium-dependent division phenotype that was more severe on a rich
medium. In E. coli, B. subtilis and other bacteria, these genes are essential, but in S. coelicolor
they are only required for efficient division. Using phase-contrast and transmission electron
microscopy, I was able to propose a role in cell division for FtsL and DivIC. In addition, I
describe the development of a high efficiency, Tn5-based in vivo transposon system for the
random insertional mutagenesis of Streptomyces coelicolor. This method allows high throughput
screening of insertion mutants to identify novel genes involved in a variety of cellular processes.
Because cell division is only required for spore formation in Streptomyces, new cell division
genes can be identified by transposon mutagenesis, a strategy that would not be possible in other
organisms. I have successfully conducted screens to identify transposon insertions in known
developmental genes, and have also partially characterized a mutant with an interesting
developmental phenotype. This mutant possessed a transposon insertion in a gene of previously
unknown function, and displayed a spore shape and size defect upon examination with phasecontrast and transmission electron microscopy. Thus, I describe two different approaches to
elucidate the process of cell division in S. coelicolor and other bacteria.
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CHAPTER 1
Introduction

Overview
Despite extensive research in several bacterial species, very little is known about
the functions of many of the genes involved in prokaryotic cell division. I have used a
molecular genetic approach to study the roles of four cell division gene homologues of
Streptomyces coelicolor. My studies contribute to the field of cell division in general,
providing further insight into the functions of each of the four genes. I have also used a
classical genetic approach to identify novel cell division and developmental genes. For
this purpose, I have created a high efficiency in vivo transposon system for the random
insertional mutagenesis of the S. coelicolor genome. Using this system, I have identified
hundreds of insertion mutants with potentially interesting developmental phenotypes.
Here I describe the utility of the transposon system and the partial characterization of a
novel developmental gene that I identified using this system.

Streptomyces Life Cycle and Background
Streptomyces coelicolor is a gram-positive, filamentous soil bacterium that
normally grows as a mycelium (27). Its life cycle commences with the formation of
vegetative filaments that grow into and against the substrate surface and rarely divide,
forming long multi-syncitial compartments. These vegetative filaments continually
branch, forming complex hyphal networks. As the colony matures, a fuzzy white
network of aerial hyphae grows away from the surface and each aerial filament is
subsequently divided into a long chain of uninucleoid cells. Before sporulation occurs, a
series of morphological checkpoints are thought to be required for the morphological
differentiation of aerial hyphae (47). In the hypothesized stages, extension of the aerial
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hyphae is completed, a crosswall at the base of the filament is formed to establish
compartment-specific gene expression, and each filament becomes coiled before evenly
spaced sporulation septa separate unigenomic pre-spore compartments. These cells
further metamorphose into mature, gray-pigmented spores, which then disperse and
germinate to begin the life cycle again.

Figure 1: Scanning electron micrograph of wild-type S. coelicolor. Vegetative filaments (smooth and
branching) growing along the substrate surface and aerial filaments that have undergone division to form
mature spore chains are shown.

There are many genes that are known and anticipated to be involved in the
complex morphological differentiation of S. coelicolor, making it an advantageous
system for the study of prokaryotic development. A group of regulatory genes named the
bld genes are required for the erection of aerial hyphae (67, 101). Because bld (bald)
mutants lack a fuzzy aerial mycelium, they have a smooth or “bald” colony appearance.
Another group of mutants possess mutations in a class of regulatory genes referred to as
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whi (white), genes and produce lower levels of the gray spore pigment because they are
defective in spore formation or pigmentation (28, 68).
S. coelicolor belongs to a genus of industrially and pharmaceutically important
microorganisms. Approximately one-third of all commercially important antibiotics are
derived from streptomycetes, although S. coelicolor itself produces only four known
antibiotics, none of which have commercial value. The two pigmented S. coelicolor
antibiotics, actinorhodin (red-blue acid-base indicator; lactone form is blue, diffusible)
and undecylprodigiosin (red), can be observed in the laboratory environment by the color
of the colonies themselves or as pigmentation in the surrounding agar (25, 121, 146).
Calcium-dependent antibiotic and methylenomycin (encoded by plasmid SCP1) are the
two non-pigmented antibiotics produced by wild-type strains of S. coelicolor (62, 78, 82).
The production of secondary metabolites, such as these four antibiotics, temporally
coincides with the erection of aerial hyphae, and some regulatory genes are required for
both processes.
There are several additional advantages to using S. coelicolor as a model
organism for the study of morphological differentiation. S. coelicolor is the best
genetically characterized of the streptomycetes. Its genome has been completely
sequenced and an overlapping set of cosmids, representing the entire 8Mb chromosome,
is available (8, 117). Protoplast transformation and interspecies conjugation provide
methods for introducing DNA into this bacterium (80). Recently, various technological
breakthroughs have impacted S. coelicolor research, including the use of the lambda Red
recombinase system to introduce mutations into S. coelicolor DNA (56, 57) and the
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ability to use EGFP (enhanced green fluorescent protein – a codon-altered version of
GFP) to visualize the subcellular localization of Streptomyces proteins (131).

Aerial Mycelium Formation
The formation of aerial hyphae requires a series of bld genes proposed to be part
of a signaling cascade because mutants defective in aerial mycelium formation can be
rescued when plated next to the wild type or other bld mutants (144). The order of genes
involved in the hypothesized signaling cascade is as follows: bldJ, bldK, bldAH, bldG,
bldC, bldD, bldM, followed by ram. Most of these genes have regulatory roles, each
triggering the production of a hypothesized diffusible signal that evokes the secretion of
the next signal in the pathway. BldB, C, D and M are DNA-binding proteins (43, 102,
111), BldN is an extracytoplasmic function (ECF) sigma factor (14, 15), and BldG is an
anti-anti-sigma factor (16). The pathway culminates with BldD and M stimulating the
production of hydrophobic cell surface proteins called chaplins and rodlins. These
proteins also trigger the expression of ram to produce the small diffusible 17 amino acid,
polypeptide SapB, which is a proteolytic product of the 38 amino acid RamS. Chaplins,
rodlins and SapB are all involved in the erection of aerial filaments. In filamentous fungi
only one group of proteins, the hydrophobins, is required to raise aerial filaments. S.
coelicolor SapB acts as a surfactant to permit the escape of the aerial filaments from the
surface tension imposed by the substrate (135). SapB is only required for the formation
of aerial hyphae on rich media, but SapB expression is inhibited in all known bld mutants
(143). Also the addition of exogenous SapB to the surface of colonies grown on rich
media results in the renewed ability of aerial filaments to break the surface tension for all
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bld mutants that participate in the cascade, except for bldN mutants (144). Rodlins
assemble on the outside of the aerial filaments producing a pattern of paired rodlets that
appear very similar to the assembled hydrophobins found on the surfaces of filamentous
fungi. Rodlins (RdlA and RdlB) are part of the hydrophobic sheath that has been
observed in micrographs of S. coelicolor spore chains. However, absence of the rodlins
does not adversely affect the aerial filament production or alter their hydrophobic surface
(32). Most recently, the chaplins (‘coelicolor hydrophobic aerial proteins’) have been
identified by two independent groups using complementary approaches (30, 44). All
eight of the identified chaplins (ChpA-H) share one or two hydrophobic domains (chaplin
domains). These proteins were verified to assemble on the outside of aerial filaments,
and the loss of these proteins results in delayed aerial mycelium formation. Addition of
chaplins rescues the mutant phenotypes, providing evidence that the chaplin coating of
aerial filaments is necessary for the ability to grow away from the surface and into the air
(30, 44). It has recently been discovered that chaplins actually play a role in rodlet
formation in conjunction with the rodlins, and that rodlin genes are most likely expressed
after aerial filaments are raised into the air (31).

Sporulation
Individual aerial filaments divide synchronously into long chains of uninucleoid
cells, which further metamorphose into mature spores, during the process of sporulation.
Wild-type colonies of S. coelicolor produce an aerial mycelium with a gray appearance
due to the gray polyketide spore pigment normally produced by mature spores. whi
mutants are defective for sporulation, but not for vegetative growth or the production of
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an aerial mycelium. The known whi genes are whiA, B, D, E, G, H, I (28), and whiJ
(122) as well as the more recently isolated whiK, L, M, N, and O (123). They are
regulatory genes involved in different stages of sporulation. whiG mutants produce long
straight aerial filaments that are blocked for sporulation septation, but contain regularlyspaced vegetative-like crosswalls, while whiA and whiB mutants produce exetremely
long, tightly coiled filaments that contain very few septa. Thus, all three genes are
believed to be involved in early stages of sporulation with whiG epistatic to whiA and
whiB. It has been suggested that mutations in these genes represent morphological
checkpoints in the sporulation process. The activation of sporulation-specific sigma
factor WhiG is a developmental decision point that permits the initial morphological
differentiation of aerial hyphae. whiA and whiB mutants may signify a checkpoint
necessary for the formation of sporulation septa and the cessation of aerial filament
elongation (47). whiH and whiI mutants produce occasional sporulation septa, and whiJ
mutants produce low numbers of normal spore chains. Lysed, misshapen and irregularly
sized spores that display a defect in the thickening of the spore wall are characteristic of
whiD mutants (71, 99, 103). Spores produced by whiE mutants are morphologically
normal, but lack the gray polyketide pigment characteristic of wild-type spores because
the whiE locus consists of a cluster of genes responsible for the synthesis of this pigment
(39, 99). Six of the whi genes are required for an increase in the transcription of ftsZ the
earliest known gene involved in cell division.
A family of small proteins referred to as the SsgA-like proteins (SALPs) have
sporulation-specific roles in Streptomyces. S. coelicolor has seven SALP homologues,
and each is involved in a different step of sporulation. SsgG was proposed to be involved
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in division site determination because ssgG-null mutants produce spores that are
frequently two to three times the length of normal spores (106). SsgA and SsgB, which
appear to be involved in septum formation, have been most extensively studied. SsgAnull mutants have a greatly reduced level of sporulation (77, 138) and ssgB-null mutants
produce no spores (48). SsgC participates in DNA segregation and condensation; SsgD
is involved in spore wall synthesis, and SsgE and F are needed for the autolytic
separation of spores (106). The mechanism by which the SALPs control the different
steps of sporulation is unclear, but it has been proposed that they recruit other proteins to
the aerial filaments so that they may control the synthesis and degradation of
peptidoglycan.

Bacterial Cytokinesis
It was once thought that the prokaryotic cell cycle was very simplistic, but
research, largely performed within the last decade, has revealed the complexity of this
process. Cell division is a tightly regulated event that relies on a number of checkpoints
for the successful completion of the process. In both prokaryotes and eukaryotes,
cytokinesis must be coordinated with chromosome replication and segregation to ensure
the inheritance of a full complement of genetic information for each cell. In the
unicellular bacterium Escherichia coli, cell division results in the separation of a single
rod-shaped cell into two equal-sized daughter cells. In order to obtain two identical cells
from one, each with a full complement of the genetic material present in the original cell,
division must take place at the appropriate subcellular location and time during the cell
cycle.
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Cell division research began decades ago with the isolation of the first division
mutants as temperature sensitive mutations in E. coli. These genes were termed fts
(filamentation thermosensitive) because they resulted in filamentous cells that eventually
lysed at the non-permissive temperature (66, 137). The most highly conserved cell
division gene is ftsZ, which encodes the cytoplasmic protein FtsZ, shown to be present in
almost all species of prokaryotes as well as in the chloroplasts and mitochondria of some
eukaryotes (92, 93). Even with intensive research, much of the process of cell division in
both eukaryotes and prokaryotes has yet to be elucidated. Thus, “How does a cell
divide?” remains one of the fundamental questions of modern cell biology.
In 1991, FtsZ was the first cell division protein shown to localize to the division
site using immunogold-staining electron microscopy (13). This protein is highly
abundant in dividing E. coli cells at approximately 15,000 copies per cell (88). Inside the
cell it has been visualized by light microscopy using immunofluorescence and green
fluorescent protein (GFP) fusions to form a ring called the “Z-ring” on the inside surface
of the cytoplasmic membrane. This Z-ring has been observed to constrict with the
cytoplasmic membrane during cell division, leading to the assumption that FtsZ has a
structural role, providing the contractile force for the invaginating septum (119). This
role has been supported by the FtsZ crystal structure, which is virtually super-imposable
on the crystal structure for eukaryotic tubulin (86). Like tubulin, FtsZ is a GTPase that
has been shown to polymerize in vitro into long polymers and bundles of short
protofilaments in the presence of GTP (105). In eukaryotic cells, tubulin polymerizes
into microtubules, cytoskeletal elements that are involved in mitosis and other processes.
FtsZ polymerizes to form a cytoskeletal ring structure at future division sites in

9

prokaryotes and the chloroplasts and mitochondria of some eukaryotes. Recently, it has
been shown using time lapse fluorescence microscopy of cells containing FtsZ-GFP
fusions that FtsZ forms a helical polymer that extends and retracts from the Z-ring (134).
Cell division is a complex temporally and spatially regulated process that requires
the action of at least 13 proteins in E. coli. The division proteins identified in E. coli are
FtsZ, FtsA, ZipA, ZapA, FtsE, FtsX, FtsK, FtsQ, FtsL, FtsB (DivIC), FtsW, FtsI, FtsN,
and AmiC (reviewed in 22, 45, 51). Of these proteins, all are essential for the viability of
E. coli except for ZapA and FtsEX. FtsZ, the prokaryotic homologue of tubulin, is the
earliest known acting cell division protein. In E. coli, where division has been most
extensively studied, FtsZ polymerizes to form the Z-ring at mid-cell. The Z-ring is then
thought to act as a scaffold upon which all of the other division proteins assemble to form
a multi-subunit complex often called the divisome or septasome. In E. coli, studies
employing fluorescence microscopy, have pointed to a nearly linear path for the
recruitment of the proteins involved in the division process (Fig. 2). Each protein relies
on the prior localization of the previous one for its own recruitment and function. In
contrast, many B. subtilis cell division proteins are inter-dependent upon one another for
both localization and function, suggesting that protein contacts are important for cell
division [reviewed in (45, 51, 139)]. For a summary of proteins involved in cell division,
refer to Table 1.
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TABLE 1. A summary of proteins involved in cell division.
Protein

Description

Cell Division
FtsZ
FtsA
ZipA
ZapA
EzrA
FtsE
FtsX
FtsK
FtsQ
DivIC (FtsB)
FtsL
FtsI
FtsW
FtsN
AmiC
EnvC

Prokaryotic homologue of tubulin; earliest acting cell division protein
Stabilizes Z-rings; highly conserved
Stabilizes Z-rings; only found in species closely related to E. coli
Stabilizes Z-rings; found in B. subtilis
Inhibits Z-ring formation; found in B. subtilis
Related to ABC transporter proteins; function unknown
Related to ABC transporter proteins; function unknown
Required for cell division and chromosome segregation
Required for cell division and chromosome segregation
Interacts with FtsQ and FtsL; function unknown
Interacts with FtsQ and DivIC (FtsB); function unknown
Penicillin-binding protein required for septum peptidoglycan synthesis
Believed to work in conjunction with FtsI; may stabilize Z-rings
Function unknown; able to bind murein in vitro
Murein amidase
Putative murein amidase

Division Site
Selection
MinC
MinD
MinE
DivIVA
Noc
SlmA

Binds to MinD to inhibit Z-ring formation at the cell poles
ATPase that recruits MinC to the membrane
Oscillates to protect the division site from the MinCD inhibitor
B. subtilis DivIVA anchors MinCD to the cell poles to inhibit Z-rings
Prevents cells from positioning septa over nucleoids in B. subtilis
Prevents cells from positioning septa over nucleoids in E. coli
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1 kb

(a)
yllC ftsL

ftsI

murE

murF

Zip A

(b)
FtsZ

mraY

murD

ftsW

murG ftsQ

ftsZ

yfiH

FtsL
FtsK

FtsQ

FtsA

FtsW

FtsI

FtsN

AmiC

FtsB

Figure 2. Bacterial Cell Division. (a) As in other bacteria, ftsZ is located in the division and cell wall
cluster of S. coelicolor. Several known division genes (fts) are in blue. Murein genes (mur, mra) are
required for cell wall synthesis. (b) Sequence of protein recruitment in E. coli to the site of division.
Division initiates with FtsZ polymerizing to form a ring (left side). Additional proteins are localized in a
nearly linear order (arrows point to next protein localized).

Proteins affecting FtsZ polymerization
Immediately following the localization of FtsZ to the nascent division site in E.
coli, three proteins (FtsA, ZapA and ZipA) localize independently of one another and are
believed to stabilize the Z-ring. FtsA is a peripheral membrane protein thought to anchor
the Z-ring to the cytoplasmic membrane and promote FtsZ polymerization. FtsA belongs
to the actin superfamily, and like actin, FtsA is an ATPase. The proper ratio of FtsZ to
FtsA is critical for cell division (35, 60). ZipA (Z-interacting protein A), a bitopic
membrane protein also believed to anchor the Z-ring to the cytoplasmic membrane and
promote FtsZ polymerization, was first identified in an experiment designed to detect
proteins that interact directly with FtsZ (61). If both FtsA and ZipA are deleted, then Zrings can no longer form in E. coli cells (109). In accord with the absence of ZipA
homologues in bacterial species not closely related to E. coli, a mutated version of the E.
coli peripheral membrane protein FtsA was recently shown to compensate for the absence
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of ZipA (49). Both FtsA and ZipA have been shown to bind to the final 12 amino acids
of the FtsZ C-terminus in E. coli; and the deletion of these 12 amino acids abolishes cell
division (60, 85, 90). ZapA is a highly conserved, but non-essential protein that has been
shown to promote protofilament bundling in vitro and stabilize Z-rings in vivo (55).
Sporulation protein SpoIIE is a protein that stabilizes Z-rings specifically for the
assymetric divisions that occur during sporulation in B. subtilus (79).
In addition to the proteins that stabilize FtsZ polymerization, SulA, EzrA and
MinCD are all proteins that inhibit Z-ring formation. The non-essential protein EzrA
(present in B. subtilis, but not in E. coli) interacts directly with FtsZ to destabilize
polymers and inhibit Z-ring formation. ezrA (extra Z-ring) derives its name from the
additional Z rings formed by B. subtilis mutants deleted for the gene (59). In E. coli,
SulA is a division inhibitor that disrupts the polymerization of FtsZ in response to DNA
damage (104). MinCD is an inhibitor of Z-ring formation that functions in division site
selection (40).

Intermediate Recruits to the Division Site
Proteases, FtsE and FtsX, are the next division proteins to localize to the future
division site in E. coli. Both FtsE and FtsX are related to the ABC transporter protein
superfamily and are dispensable in high-salt media, although their function is unclear.
FtsK localizes after FtsE / FtsX in E. coli, and is required for the localization of FtsQ and
other proteins recruited later in the division process. It is a large 1330 amino acid, trifunctional protein involved in chromosome segregation and chromosome dimer
resolution in addition to cell division. Only the FtsK amino terminus, which is 202

13

amino acids and spans the membrane four times, is required for localization and cell
division in E. coli (42, 148). The remainder of the protein is not required for viability,
but has an ATP-dependent DNA translocase activity that is required to clear
chromosomes from the paths of nascent septa (84, 148). This clearing of the
chromosomes is accomplished by DNA sequence recognition by FtsK and its
bidirectional motor activity (108). FtsK activates Topo IV, a protein that decatenates
chromosomes, and XerCD, which resolves chromosome dimers (2, 17, 19, 46). Recently
FtsK of Caulobacter crescentus was also shown to be involved in both cell division and
chromosome segregation (140). SpoIIIE, a B. subtilis protein belonging to the FtsK
family, translocates DNA from the mother cell compartment to the forespore during
sporulation (4, 127, 128), and only functions during vegetative growth when a defect in
chromosome partitioning is encountered (21). The amino-terminus of SpoIIIE is also
involved in membrane fusion to separate the mother cell from the forespore (125, 126).
However, the amino-terminus of this protein shares no sequence similarity with that of
FtsK (5).
It is thought that FtsK may act to stabilize components of the division protein
machinery, including stabilization of the Z-ring. However, it was recently shown that
many other division proteins share overlapping functions with FtsK. An ftsA point
mutant (ftsA R286W) is able to largely suppress an ftsK-null mutant of E. coli even
though ftsK is normally essential for viability in this bacterium. Also multicopy
plasmids, containing ftsQAZ or the single gene ftsQ, are able to largely compensate for
the absence of ftsK. To a lesser extent, overexpression of ftsB or ftsN can compensate for
an ftsK deletion. In these experiments with multicopy plasmids, the cytoplasmic and
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transmembrane domains of FtsQ were enough to compensate for the loss of FtsK,
providing evidence that one or both of these FtsQ domains, previously believed to only
be required for membrane anchoring, actually share an overlapping function with the
division-specific N-terminus of FtsK (50). Furthermore, like FtsK, B. subtilis DivIB (an
FtsQ homologue) was recently shown to be involved in chromosome segregation (116).
FtsK localization at the division site is normally required for the recruitment of FtsQ, but
recently Goehring et al. (53) showed that FtsQ, when prematurely targeted to the
divisome, is able to back-recruit FtsK.

Membrane Proteins Recruited at a Later Stage of Septation
Proteins FtsQ (DivIB in B. subtilis), FtsL, DivIC (FtsB in E. coli), FtsW and FtsI
(PBP 2B in B. subtilis) are membrane proteins recruited at an intermediate stage of
septation. FtsQ, FtsL, DivIC and FtsI are bitopic membrane proteins, possessing short
cytoplasmic domains, a single membrane-spanning segment and a large extracellular or
periplasmic domain. FtsL requires its cytoplasmic domain for function, and FtsQ
requires only its periplasmic domain (58). FtsW is a polytopic membrane protein
possessing ten transmembrane domains. The absence of all five of these proteins in
organisms lacking a cell wall, such as in Mycoplasma species, suggests that these
proteins have a role in peptidoglycan biosynthesis. Of these proteins, FtsI is the only one
with a characterized role in cell division. It is a high molecular weight class 2 penicillinbinding protein involved in septal peptidoglycan biosynthesis that requires FtsW for its
recruitment to the division site. It exhibits a substrate-specific transpeptidase activity that
is particular to the formation of the septum (18, 110).
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The function of DivIB (FtsQ) in cell division is unknown, however, it has recently
been shown to be involved in chromosome segregation via control of the Soj-Spo0J
system in E. coli (116). Soj is a transcriptional regulator of the ParA family of
chromosome partitioning genes. It normally represses the expression of several
sporulation loci that are activated by the phosphorylated form of Spo0A (26). Spo0J
belongs to the ParB family, and is required for the nucleoid-to-nucleoid oscillation of Soj
(94, 112). The oscillation of the Soj ATPase is dependent upon another ATPase,
division-site selection protein MinD, which normally localizes to the cell poles in B.
subtilis (3). Real et al. constructed a divIB mutant that is relatively unaffected for cell
division, but is defective in the organization and segregation of chromosomes,
condensation of Spo0J foci and oscillation of Soj.
Interestingly, DivIB, FtsL, DivIC and PBP 2B of B. subtilis are all codependent
upon each other for localization to the division site. Dissimilarly, E. coli homologues
seem to follow a linear pathway of assembly except for FtsL and FtsB which colocalize,
requiring the prior recruitment of FtsQ. FtsW and FtsI are in turn dependent upon the
prior localization of FtsL and FtsB. In E. coli ftsQ is an essential gene, and the
localization of its protein product depends upon the prior localization of FtsK, but not
FtsL or FtsB. In B. subtilis, however, localization of DivIB (FtsQ homologue) was found
to require DivIC. Furthermore, DivIB is only essential for cell division at high
temperatures, where DivIC localization is dependent upon DivIB. However at lower
temperatures DivIC is able to localize to the division site independently of DivIB (76).
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Assembly of a Three-Protein Subcomplex (FtsQ-FtsL-DivIC)
Small bitopic membrane proteins FtsL and DivIC (FtsB) both have unknown
functions. These two proteins are predicted to form heterodimers or higher order
multimers via predicted coiled-coil domains (leucine-zipper like motifs), and it has been
shown in controversial experiments with bacterial and yeast two hybrid systems that there
was a detectable interaction (129). Consistent with the existence of an interaction
between the two proteins, DivIC of B. subtilis is rapidly degraded in the absence of FtsL
(37), and conversely, FtsL of E. coli is promptly degraded upon the depletion of FtsB
(24). In support of interactions with DivIB, FtsL is an inherently unstable protein that is
stabilized by DivIB (36). The cooperative addition of FtsQ, FtsL and DivIC to the
septasome of B. subtilis (mentioned above) pointed to interactions between the three
proteins. These interactions were confirmed by the identification of a trimeric complex
consisting of E. coli FtsL, FtsB and FtsQ in vivo. The complex exists in the absence of
FtsK, which is normally required for FtsQ localization. Apparently, the interaction
between FtsL and FtsB in this complex requires FtsQ (23). Recently, a similar complex
of DivIB, DivIC and FtsL was identified in vitro using recombinant extracellular domains
of Streptococcus pneumoniae proteins. Immunofluorescence studies showed that the S.
pneumoniae DivIC is always localized at the division site, while DivIB and FtsL are only
recruited during division, presumably through interaction between DivIC and FtsL (107).

Integral Membrane Protein FtsW and Its Cognate Transpeptidase FtsI
Most bacteria possess separate protein systems for peptidoglycan synthesis during
cell elongation and cell division, each consisting of a polytopic membrane protein of the
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SEDS (shape, elongation, division and sporulation) family and a cognate class B
penicillin-binding protein (PBP) (96). Class B PBPs are transpeptidases that cross-link
glycan chains during cell wall biosynthesis. Cell division protein FtsW is a member of
the SEDS family of proteins (65). The precise function of the SEDS proteins is unclear,
but they are required for the activity of their specific PBP partner. In E. coli the protein
pairs, RodA-PBP2 and FtsW-FtsI (PBP3) are responsible for synthesizing cell wall
peptidoglycan during cell elongation and division, respectively. In most bacteria two
protein pairs exist; one for elongation and the other for division (93). However, some
bacteria possess three protein pairs as in B. subtilis where sporulation-specific division
genes exist in addition to those for vegetative crosswall formation. The genome of
sporulating bacterium S. coelicolor possesses four such homologous pairs.
Two functions have been proposed for FtsW, indicating activity of the protein
both early and late in the cell division process: the stabilization of FtsZ-rings and the
recruitment of its cognate transpeptidase FtsI. The requirement of FtsW localization for
FtsI recruitment has been clearly demonstrated in E. coli (52, 100). Furthermore, FtsW
localization is dependent upon FtsZ, FtsA, FtsQ and FtsL, making E. coli FtsW a late
recruit to the division site and unnecessary for the formation of Z-rings, although it may
aid in the stabilization of the septal ring complex. Recently, the ability of Mycobacterium
tuberculosis and Mycobacterium smegmatis FtsW to interact with FtsZ, a phenomenon
mediated by the oppositely charged residues in the C-terminal tails of the two proteins,
has been published (38, 113). In these mycobacterial species, no discernable homologue
of FtsA or ZipA exists, proteins that are implicated in the stabilization of Z-ring
formation and the anchoring of the Z-ring to the cytoplasmic membrane. Additionally it
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has been suggested that FtsA may serve to coordinate septation with peptidoglycan
biosynthesis. Because of the ability of Mycobacterium FtsW to interact with FtsZ, the
same functions attributed to FtsA and ZipA have been suggested for FtsW in prokaryotes
lacking FtsA and ZipA homologues. It was shown recently in M. smegmatis that Z-rings
were formed, but cell division was abolished when three aspartate residues of FtsZ,
shown to interact with the FtsW C-terminal tail, were changed to alanines (38).

Murein Hydrolase Involvement in Division
Cell division gene ftsN, which is found only in gamma-proteobacteria (93), was
isolated as a multicopy suppressor of an ftsA temperature-sensitive mutation in E. coli.
Interestingly, overexpression of ftsN could also suppress temperature-sensitive mutations
in ftsI, Q and K (34). This gene is essential in E. coli and its protein product is a late
recruit to the division site (1, 29). An amidase-like domain was identified in FtsN, and
the protein was able to bind murein in vitro, suggesting involvement in remodeling of the
cell wall peptidoglycan. However, no murein hydrolase activity could be detected, and
the precise function of FtsN is still unclear (136).
Cleavage of the septal murein is required for daughter cell separation. The
proteins that participate in murein hydrolase activity seem to be redundant, and therefore,
most are dispensable for viability. One class of murein hydrolases, referred to as the
amidases, specifically breaks the peptide cross-links of peptidoglycan. FtsN is
responsible for the recruitment of murein amidase AmiC to the division site (10). Null
mutations of amiC in E. coli result in chains of cells that do not undergo cleavage into
daughter cells (64). EnvC is another potential septal murein amidase that was identified
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in a screen for synthetic lethal mutations in E. coli when in combination with Min system
defects. EnvC localized to division sites and possessed murein hydrolytic activity. envC
mutants produce shallower constrictions between unseparated cells than amiC mutants,
suggesting that there is a longer delay in outer membrane constriction for the former
mutants (11).

Division Site Selection
In E. coli and B. subtilis, division site selection is determined by two mechanisms:
nucleoid occlusion and the Min system. The nucleoid occlusion model was developed to
explain the observation that Z-rings rarely formed over nucleoids, stating that division
may take place only in nucleoid-free zones, which occur primarily at mid-cell and the cell
poles (132, 145, 147). The Min system protects the two polar regions from ectopic
division site placement. Deletion of the min genes in E. coli and B. subtilis results in
mini-cells devoid of genetic material due to the placement of additional Z-rings and
subsequent septation at the cell poles (40, 83). Nucleoid occlusion in conjunction with
the Min system results in the capability of the cell to “select” a division site at mid-cell
that will not result in the lethal guillotining of chromosomes. Because these two division
site placement systems have overlapping functions, both must be abolished before loss of
viability occurs.
The Min system is highly conserved in prokaryotes. In E. coli this system
consists of MinCDE, where MinC and MinD inhibit FtsZ polymerization. MinD is an
ATPase from the ParA family of proteins that oligimerizes and binds to the membrane in
an ATP-dependent fashion (69, 81, 130, 133). MinC is the actual inhibitor of FtsZ-ring
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formation, but MinD recruits it to the membrane, where dimers of MinC are able to bind
to FtsZ polymers and destabilize them (70, 72). In E. coli grown at 37°C, MinC and
MinD oscillate together from pole to pole in a helical path with a period of about 40
seconds (115).
The topological specificity of division site placement is achieved by the activity
of a third protein called MinE. MinE binds competitively to MinD, replacing MinC in
the complex (89) and stimulating MinD ATPase activity, causing it to fall off of the
membrane along with MinC (149). MinE concentrations are highest at the cell center and
lowest at the poles, permitting Z-ring formation at mid-cell. The action of MinE at the
cell center pushes MinCD to the cell poles where they inhibit FtsZ polymerization (115,
120). In an experiment that replaced the MinCDE system of E. coli with that of the
gram-negative coccus Neisseria gonorrhoeae, MinCD were observed to oscillate between
the cell poles (114). Furthermore, in round mutants of E. coli, MinCD still oscillated and
division site selection was in alternating planes for each generation as in N. gonorrhoeae
(33). The machinery for topological specificity shows some versatility in the prokaryotic
world. Instead of MinE, B. subtilis contains DivIVA, which is statically localized to the
cell poles. Unlike in E. coli, B. subtilis MinCD does not oscillate from one end of the cell
to the other, but rather is anchored to the cell poles by DivIVA where it inhibits Z-ring
formation (95).
Recently, genes involved in the hypothesized nucleoid occlusion model have been
identified in E. coli and B. subtilis, using synthetic lethal screens with mutants defective
in the Min system (12, 91, 147). These genes are required for an anti-guillotine
checkpoint that normally prevents cells from positioning septa over non-replicated
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chromosomes. Nucleoid occlusion genes noc of B. subtilis and slmA of E. coli are not
homologous to each other, but appear to encode proteins that have analogous functions.
Mutations in noc or slmA result in the frequent formation of septa that cleave nucleoids
and a synthetic lethal phenotype when combined with defects in the Min system.

Cell Division in Streptomyces
The complex lifecycle of S. coelicolor lends itself to cell division research.
Spores germinate to produce vegetative filaments that rarely divide to form crosswalls
resulting in multi-syncitial compartments. As the life cycle continues, multi-genomic
aerial hyphae are erected into the air. Each of these filaments undergoes synchronous
division to form long chains of unigenomic spores.
Cell division is essential in E. coli, B. subtilis and other organisms where it has
been studied, but not in S. coelicolor where cells remain viable in the absence of division.
Cell division is not essential in this organism presumably because of its branching,
filamentous nature, making S. coelicolor an especially advantageous system for the
genetic study of cell division since null mutations of the division genes may be examined.
Furthermore, sporulation of this organism provides a convenient assay for division. S.
coelicolor mutants deleted for cell division gene ftsZ remain viable despite a complete
block for cell division (98). ftsQ-null mutants display a severe cell division defect,
producing only low numbers of defective spore chains, and vegetative crosswalls at an
approximately 10-fold lower frequency than the wild type (97).
Protein localization studies first using immunofluorescence microscopy and later
with GFP fusions of S. coelicolor FtsZ, showed that FtsZ forms regularly-spaced rings
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along the length of aerial filaments in a pattern that looks very much like the rungs of a
ladder (124). The presence of ladder-like arrays in aerial filaments provided further
evidence that division occurs synchronously within individual aerial filaments. Recently,
FtsZ-GFP has been visualized in transient helical structures that extend the entire length
of S. coelicolor aerial filaments prior to the formation of discrete Z-rings (54). The
helical patterns are similar to those observed in other prokaryotic cells.
In addition to ftsZ and ftsQ, S. coelicolor contains recognizable homologues of
division genes ftsL, divIC, ftsI, ftsW, ftsK, ftsE, ftsX and amiC (6, 7). The first four of
these genes are characterized in this dissertation. Interestingly, no homologues of FtsZinteracting proteins FtsA, ZipA, ZapA or EzrA are identifiable in the S. coelicolor
completed genome sequence (J.R. McCormick, unpublished). However our laboratory
has shown that the FtsZ C-terminal 12 amino acids, the region shown to bind to FtsA and
ZipA in E. coli, are essential for cell division (J. Morris and J.R.M., unpublished). It is
likely that a functional homologue for one or both of these proteins exists. Additionally,
other proteins involved in the division process are believed to be present in S. coelicolor
and other prokaryotes.
S. coelicolor contains homologues of MinD and DivIVA (48), but surprisingly no
discernable homologue for MinC, the actual division inhibitor of E. coli and B. subtilis.
Currently, it is not understood how filamentous bacteria, such as S. coelicolor, are able to
select division sites. Also it is unlikely that all of the genes involved in sporulation and
aerial mycelium formation have been identified, since screens for developmental mutants
have remained unsaturated (123).
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Identification of Novel Genes in S. coelicolor
Despite many technological advances in Streptomyces research, an efficient
transposon system for the random mutagenesis of streptomycete genomes remains
unavailable. While high efficiency transposon systems for other organisms provide the
rapid identification of novel genes, Streptomyces mutants have mainly been isolated by
chemical mutagenesis, followed by laborious genetic mapping and complementation
experiments. The availability of an efficient in vivo transposon system should prove to
be invaluable to Streptomyces research in general. More specifically, transposon
insertions, which typically result in null mutations, can be used to identify cell division
genes in this organism, because the process is not essential. The mutations will be
marked by the transposon insertion, permitting the easy identification of genes.

Transposable Elements
Transposable elements are DNA segments that have the ability to move
themselves to new locations. This process is called transposition, and occurs at a low
frequency, presumably to protect the host from deleterious effects and ultimately protect
the transposon itself. An insertion sequence (IS) element is the simplest type of
transposable element. It consists of a transposase gene surrounded by inverted repeats
recognized by the transposase enzyme. A composite transposon is a type of transposable
element, consisting of two IS elements flanking a gene or genes (often drug-resistance
markers). Transposase is an enzyme that acts to move the transposon by binding to the
ends of the IS elements. Since a composite transposon has four inverted repeat DNA
sequences (two for each insertion element) upon which transposase can potentially act,
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either one of the two IS elements can be mobilized, or the entire composite transposon
can be moved when the transposase acts on the outside end sequences.

Transposons as Tools
Transposable elements minimally consist of a gene encoding a transposase
enzyme and the inverted repeat sequences upon which the transposase acts to mobilize
the genetic element. Based on the knowledge that any DNA segment flanked by the
inverted repeats recognized by a particular transposase can undergo transposition,
transposon systems have been engineered for various purposes (9). An example of an
engineered transposon is a mini-transposon system, which usually consists of the
transposase gene under the control of a promoter and a drug-resistance marker flanked by
the sequences acted upon by the transposase. Some applications of engineered
transposons include their use as mobile reporter or promoter elements, markers for
genetic mapping, and binding sites for DNA sequencing primers. As mentioned above,
transposons are also commonly used for insertional mutagenesis to disrupt genes,
resulting in loss-of-function mutations (41).

The Tn5 Transposon
Tn5 is a prokaryotic composite transposon consisting of the two IS elements
(IS50L and IS50R) flanking three drug resistance markers. Mobilization of Tn5 requires
the 19-bp inverted repeat sequences of the outside ends recognized by the Tn5
transposase (Tnp). It replicates by a simple ‘cut and paste’ mechanism where the Tn5
transposon is removed from surrounding DNA by blunt-ended, double-strand breaks at
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the end of the transposon and inserted into a target DNA molecule, resulting in 9-bp
duplications of the target sequence (118). The only functional Tnp is encoded by IS50R,
and the minimum requirement for transposition is this Tnp and DNA surrounded by the
outside end sequences it recognizes (73-75). Like other transposons, the transposition
frequency of Tn5 is normally very low. An inhibitor protein that is simply Tnp without
the N-terminal 55 amino acids inhibits transposition by forming non-functional multimers
with Tnp (20, 87). Wild-type Tn5 Tnp is actually inactive in vitro and catalyzes
transposition in vivo at a frequency of only about one in 105 cells. Several mutations in
Tnp have been isolated to increase the transposition frequency of Tn5, including the
destruction of the start codon for Inh (141, 142, 150). Engineered versions of Tn5 are
advantageous for a variety of transposon applications. In addition to serving as a great
model for the study of ‘cut and paste’ tranposition, it is well suited to the random
insertional mutagenesis of the genomes of a wide variety of organisms because it can be
modified to transpose at high frequency in a near-random fashion. The genomes of E.
coli, Proteus vulgaris, Pseudomonas sp., Rhodococcus sp., Saccharomyces cerevisiae,
Salmonella typhimirium, Xylella fastidiosa, and S. coelicolor are some examples that
have undergone in vitro mutagenesis with Tn5 (63).
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CHAPTER 2
Streptomyces coelicolor genes ftsL and divIC play a role
in cell division, but are dispensable for colony formation
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ABSTRACT
I have characterized homologues of the bacterial cell division genes ftsL and
divIC in the Gram-positive mycelial bacterium Streptomyces coelicolor A3(2). Both ftsL
and divIC are essential genes in the Gram-positive bacterium Bacillus subtilis, and ftsL
and ftsB (a divIC homologue) are essential in Gram-negative Escherichia coli. I show by
deletion-insertion mutations that ftsL and divIC are dispensable for growth and viability
in S. coelicolor, but are necessary for efficient division during spore formation. When
mutant strains were grown on a conventional rich medium (R2YE, containing high
sucrose), a null mutation in either ftsL or divIC resulted in the formation of aerial hyphae
with partially constricted division sites but no clear separation of pre-spore
compartments. This phenotype was largely suppressed when strains were grown on
minimal medium or sucrose-free R2YE, where division sites in many aerial hyphae had
finished constricting and chains of spores were evident. Thus, osmolarity appears to
affect the severity of the division defect. Furthermore, double-mutant strains deleted for
both ftsL and divIC are viable and have medium-dependent phenotypes similar to that of
the single-mutant strains, suggesting that functions performed by FtsL and DivIC are not
absolutely required for septation during growth and sporulation. Alternatively, another
division protein may partially compensate for the loss of both FtsL and DivIC on minimal
medium or sucrose-free R2YE. Finally, based on transmission electron microscopy
observations, we propose that FtsL and DivIC are involved in coordinating symmetrical
annular ingrowth of the invaginating septum.
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INTRODUCTION
Streptomyces coelicolor A3(2) is a Gram-positive, mycelial soil bacterium that
has a complex life cycle, culminating in sporulation (12). On solid media, the vegetative
mycelium is a dense network of branched multigenomic hyphae that are divided by
occasional irregularly spaced cross-walls. As the colony matures, multigenomic aerial
hyphae grow away from the substrate mycelium surface. Finally, each aerial hypha
undergoes synchronous division at evenly-spaced sites to form uninucleoid pre-spore
compartments, which then develop into mature spores.
Cell division is essential for colony formation in unicellular rod-shaped bacteria
such as Escherichia coli, Bacillus subtilis and other organisms where it has been studied,
but not in S. coelicolor [for reviews, see (8, 18, 38)]. Deletions of S. coelicolor ftsZ and
ftsQ resulted in viable strains, which are completely or largely blocked for septation,
respectively (39, 40). In this study, we have identified ftsL and divIC (ftsB / ygbQ in E.
coli) homologues in the complete S. coelicolor genome sequence (5). Both S. coelicolor
gene products are predicted to be bitopic membrane proteins, as they are in E. coli and B.
subtilis (10, 15, 25, 31), possessing a short cytoplasmic N-terminal domain, a single
membrane-spanning segment and a coiled-coil region in the large C-terminal domain that
is predicted to be outside the membrane. To date, all identified homologues contain
predicted coiled-coil regions in their C-terminal domains (10, 19, 35). The precise
functions of FtsL and DivIC during cell division are unknown, although it has been
suggested that FtsL stabilizes DivIC in the division complex (48). A protein fusion
containing a heterologous N-terminus and membrane-spanning segment was functional
indicating that only the external C-terminal domain is required for DivIC in B. subtilis
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(32) and a C-terminal truncation of ten amino acids from FtsL results in loss of function
(47). Both proteins have been shown to localize to nascent division sites in E. coli and
B. subtilis (10, 20, 31, 48) and their localization is co-dependent. Non-localized B.
subtilis DivIC and E. coli FtsL are unstable in the absence of the co-dependent partner
(10, 15). Proper mid-cell localization requires the membrane-spanning segment and the
C-terminal domain for FtsL of E. coli (19) but only the C-terminal domain for DivIC of
B. subtilis (32). Initial studies suggested that B. subtilis FtsL and DivIC interact with
each other through their coiled-coil domains, forming heterodimers or higher order
oligomers that are important (21, 22) to their function in cell division (48). More recent
evidence indicated that in both E. coli and Streptococcus pneumoniae (41), FtsL and FtsB
(DivIC) are present in a complex with division protein FtsQ, and that this complex can be
formed before localization to the division site (9). Most recently, an FtsQ-independent
interaction between FtsL and FtsB was detected in an E. coli FtsQ-depletion strain, using
a novel method that prematurely targets proteins to the division site (21, 22). The
demonstration of direct interactions between FtsL and FtsB, and the formation of a
subcomplex comprised of these two proteins with FtsQ in both Gram-negative and Grampositive bacteria, indicates that protein assembly dynamics in this portion of the pathway
is widely conserved among prokaryotes.
In this study we demonstrate that cell division genes ftsL and divIC are
dispensable for growth and viability, but are required for proficient septation during
growth and sporulation in S. coelicolor. Null mutations in these genes resulted in
medium-dependent phenotypes with a more severe division defect when strains were
grown on a rich osmotically-enhanced medium used for routine growth of S. coelicolor.
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Furthermore, an ftsL divIC double-mutant displayed a division phenotype nearly
indistinguishable from that of either single mutant. Finally, because of the mutant
phenotypes observed by transmission electron microscopy, we propose that FtsL and
DivIC are involved in coordinating symmetrical annular ingrowth of the invaginating
septum.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and media.
The prototrophic, SCP1-, SCP2- S. coelicolor A3(2) strain M145 was used as the
parent strain for mutant isolation (5, 33). A marker-replacement (double) recombination
strategy for division mutant isolation was similar to that previously used for the isolation
of ftsZ and ftsQ-null mutants (39, 40). DU151 and DU152 (both ∆divIC::aphI; this
study) were isolated by transforming M145 to neomycin resistance with pJA19
(described below) and screening for those sensitive to spectinomycin (six spectinomycinsensitive colonies were identified among the 40 transformants tested). DU190 and
DU191 (both ∆ftsL::hyg; this study) were isolated by transforming M145 to hygromycin
resistance with pJA25 (described below) screening for those sensitive to apramycin (two
apramycin-sensitive colonies were identified among the 32 transformants tested). The
new division mutant strains were readily isolated on the first attempt. Double-mutant
strains DU219 and DU220 (both ∆divIC::aphI ∆ftsL::hyg; this study) were readily
isolated on the first attempt by transforming DU152 to hygromycin resistance with
chromosomal DNA prepared from DU191 (50-60 transformants obtained). Plasmidcontaining derivatives of the multiply auxotroph plasmid-free S. coelicolor strain 2709
(33) were used as the donor strains for conjugal transfer of self-transmissible plasmids for
genetic complementation experiments.
Standard procedures for conjugal transfer of plasmids, protoplast preparation and
transformation were used (33). Double-stranded plasmid or chromosomal DNA was
alkaline-denatured before transformation of S. coelicolor protoplasts to stimulate
homologous recombination (42). Streptomyces strains were grown at 30°C. YEME
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(liquid), R2YE (agar), MS (agar) and minimal medium MM (agar) for growth of S.
coelicolor were as described previously (33, 40). Glucose or mannitol was added to
0.5% (w/v) in MM. Final concentrations of antibiotics used for Streptomyces were
apramycin at 25 µg ml-1, thiostrepton at 50 µg ml-1, spectinomycin at 100 µg ml-1 in MM
and 200 µg ml-1 in R2YE, hygromycin at 50 µg ml-1 in MM and 200 µg ml-1 in R2YE,
and neomycin at 10 µg ml-1 in R2YE. For experiments performed to identify the source
of medium-dependent division phenotypes, certain individual components were omitted
when preparing R2YE. The compounds individually tested by omission were: sucrose,
proline, CaCl2, yeast extract, and N-[Tris(hydroxymethyl)methyl]-2 aminoethanesulfonic acid (TES).
E. coli strains LL308 (55) and TG1(45) were used for standard plasmid
manipulation. To bypass the methyl-specific restriction system of S. coelicolor, the damdcm- E. coli strain ER2-1 was used for preparation of unmodified plasmid DNA (4). E.
coli strains were propagated in Luria-Bertani medium. Antibiotic concentrations used for
E. coli were ampicillin at 100 µg ml-1, and apramycin at 100 µg ml-1.
pBluescript II SK(+) (Stratagene) and pNEB193 (New England Biolabs) were
used as standard cloning vectors. PCR products were cloned into pCR2.1 (Invitrogen).
pIJ2925 is a pUC-like plasmid with Bgl II sites flanking the multiple cloning site (29).
pOJ260 is a pUC-like plasmid which contains the aac(3)IV gene in place of bla (7).
pHP45Ω was the source of the aadA omega fragment (43). pAH137 (A. Hausler) was
the source of aphI (40). pOJ427 (B. Schoner) was the source of aac(3)IV. pKC1053 was
the source of hyg (34). pJRM10 (39) is a bifunctional replicon consisting of the SCP2*derived low-copy-number plasmid pIJ922 (33) fused to pBluescript II SK(+). Cosmids
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E25 and C69 were used as sources of DNA containing divIC and ftsL, respectively (44).
pRK20 contains a PCR-amplified 520-bp insert from 451 nucleotides upstream until 67
nucleotides downstream of the translation start codon of yllC, the first gene in the
division and cell wall cluster of S. coelicolor (R. Kuennen and JRM, unpublished). This
fragment appears to contain a promoter for dcw (Pdcw) because it was shown to be active
in Enhanced Green Fluorescent Protein (egfp) promoter probe analysis (JAB and JRM,
unpublished) using integrating vectors pIJ8660 and pIJ8668 (49). The position of a
transcription start site has not been mapped.
General DNA techniques.
DNA restriction and modifying enzymes were used according to the
manufacturer’s recommendations. Chromosomal DNA was prepared from YEME-grown
cultures according to Kieser et al. (33). Plasmid DNA was prepared from E. coli using
the QIAprep Spin Kit (Qiagen). The QIAquick Gel Extraction Kit was used to purify
DNA fragments fractionated by agarose gel electrophoresis. Platinum Pfx DNA
polymerase (Invitrogen) was used to amplify DNA by PCR. When required for cloning,
non-templated adenine overhangs were added to PCR-amplified products by treatment
with Taq DNA polymerase (Promega). PCR-amplified products were cloned into
pCR2.1 using the TOPO TA Cloning Kit (Invitrogen).
Construction of plasmids used to create the ftsL-null and divIC-null mutants.
We constructed deletion-insertion mutations in the S. coelicolor ftsL and divIC
genes in E. coli. Plasmid pJA25 contains hyg inserted in place of a 344-bp AgeI-Ecl136II
restriction fragment coding for the 5’ end of the ftsL predicted reading frame including
the start codon, the coding region for the predicted membrane-spanning segment and part
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of the coiled-coil domain (Fig. 1A). The details describing the construction of pJA25
follow. First, an 8.5-kb EcoRI fragment from cosmid C69 was cloned into the EcoRI site
of pBluescript II SK (+), resulting in pJR132. A 3-kb KpnI fragment (yllC-ftsL-ftsI’)
from pJR132 was then cloned into pBluescript II SK (+) to create pABC3 (A. B.
Cadwallader and JRM, unpublished). A 1.56-kb Acc65I-Ecl136II fragment (‘ftsL-ftsI’)
from pABC3 was inserted into pOJ260 digested with HindIII (filled in) and Acc65I,
creating pJA21. A 1.2-kb EcoRI-AgeI fragment (yllC-ftsL’) from pABC3 was cloned
into pBluescript II SK(+) digested with EcoRI and XmaI to create pRA2. The DNA
insert of pRA2 was excised with EcoRI and BamHI and ligated to pJA21 digested with
the same enzymes to form pJA22. Finally, hyg was inserted in the opposite orientation
relative to the cloned division and cell wall genes as a 2.08-kb EcoRV-BamHI fragment
from pKC1053 into pJA22 digested with XbaI (filled in) and BamHI, creating pJA25.
Plasmid pJA19 contains aphI in place of a 384-bp BamHI-KpnI fragment of the
divIC coding region, an internal deletion that encompasses nearly the entire divIC gene
(Fig. 1B). The details describing the construction of pJA19 follow. A 4.6-kb PstIHindIII fragment from cosmid E25 was cloned into pOJ260 to create pJA15. A 1.67-kb
KpnI fragment from pJA15 was ligated to pNEB193 to obtain pJA16. pJA17 was created
by cloning a 2.2-kb PstI-BamHI fragment from pJA15 into pJA16. The omega fragment
of pHP45Ω containing the selectable marker aadA was cloned as a 2-kb HindIII fragment
into pJA17 to create pJA18. The 1.05-kb aphI gene contained in pAH137 was excised
with EcoRI and HindIII and cloned into pIJ2925, creating pRA4 with the aphI gene
flanked by BglII sites. Finally, aphI was excised with BglII and inserted into BamHI-
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digested pJA18 to create pJA19. pJA19 has aphI inserted in the same orientation as
divIC and flanking genes.
Southern blot hybridization analysis.
The ftsL deletion-insertion mutation was verified by Southern blot hybridization
analysis using chromosomal DNA double digested with KpnI and EcoRI. Probes used
were a 1.2-kb EcoRI-AgeI restriction fragment corresponding to the region upstream of
ftsL and a 1.6-kb Ecl136II-KpnI restriction fragment corresponding to the region
downstream of ftsL. The probes hybridized to a 3.1-kb fragment for wild-type strain
M145 and to 2.35-kb and 2.48-kb fragments for the ftsLSC-null mutant strains (data not
shown). The divIC deletion–insertion mutation was verified by Southern blot
hybridization analysis using DNA double digested with NcoI and HindIII. Probes used
were a 2.2-kb PstI-BamHI restriction fragment corresponding to the region upstream of
divIC and a 1.7-kb KpnI restriction fragment corresponding to the region downstream of
divIC. The probes hybridized to a 6.9-kb fragment for wild-type strain M145 and to
4.65-kb and 2.08-kb fragments for the divICSC-null strains (data not shown).
Hybridization reactions were performed at 65°C using buffer that contains 5% SDS (53).
Nylon membranes (Hybond-N, Amersham) were used as solid support and probes were
non-isotopically labeled before immunological detection (DIG DNA Labeling and
Detection Kit, Boehringer Mannheim).
Construction of plasmids used for genetic complementation experiments.
We constructed bifunctional replicons derived from pJRM10 with various DNA
inserts in E. coli and then introduced them into S. coelicolor (Fig. 1). The divIC gene
was PCR-amplified using pJA15 as template with primers divIC1 (5’-
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TCTAGACATCGAGGAGATCCTCGAC-3’) and divIC2 (5’GAGCTCGTCTTCCTGTTGAGTCACTG-3’), which add an XbaI site 171 bp upstream
of divIC and a SacI site 70 bp downstream, respectively (underlined), and cloned the
reaction product into pCR2.1 to create pJA26. The SpeI site of pJA26 was then
destroyed by treatment of SpeI-digested DNA with Klenow fragment of DNA Pol I and
ligase, creating pJA32. A 720-bp SacI fragment containing divIC was excised from
pJA32 and cloned into pBluescript II SK(+), resulting in pJA46. Finally, the pIJ922
portion of pJRM10 was inserted into plasmids pJA46 digested with HindIII and SpeI to
form pJA57 (Fig. 1B).
Four plasmids were constructed for complementation analysis of the ftsL-null
mutant (Fig. 1A). A 560-bp Acc65I-BamHI fragment from pRK20 containing an
apparent promoter for the dcw cluster (Pdcw) and yllC’ was inserted into pNEB193 to
create pJA72. A 3.95-kb SnaBI-BclI fragment (yllC-ftsL-ftsI) from pJR132 was ligated to
pJA72 digested with SnaBI and BamHI, to form pJA85. pJA84 was created by cloning a
2.18-kb BglII-NruI fragment (yllC-ftsL-ftsI’) from pJR132 into pJA72 digested with BglII
and BamHI (filled in). Both pJA84 and pJA85, digested with XbaI and HindIII were
ligated to pJRM10 digested with SpeI and HindIII to yield pJA88 (Pdcw-yllC-ftsL) and
pJA89 (Pdcw-yllC-ftsL-ftsI), respectively. Also, a 3.6-kb KpnI fragment from pJA85 was
cloned into KpnI-digested pBluescript II SK(+) to form pJA100. Next, pJA100 and
pJRM10 were digested with HindIII and SpeI and subsequently ligated to form pJA107
(Pdcw-yllC-ftsL-ftsI’).
pJA105 (Pdcw-yllC-∆ftsL-ftsI) is identical to, and derived directly from, pJA89
except that it contains a 204-nucleotide in-frame deletion in ftsL replacing the region
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coding for amino acid residues 42–109 of FtsL (the predicted membrane-spanning
segment and the coiled-coil region) with an 81 base FLP-recombinase scar peptidecoding sequence (24). A PCR targeting-based gene disruption protocol (17) as modified
for use in Streptomyces was followed (24). Production of a mutagenic-PCR product was
accomplished using oligonucleotides oL60InFrame (5’-ACTGAAGGGCAGGGCGGCCCGGCTGGCCCGGCTCCTGCCCATTCCGGGGATCCGTCGACC-3’) and
oL59InFrame (5’-CCATGCCCAGTTCGCGGGCGCGGCGCTGAAGGGCCCGGGGTGTAGGCTGGAGCTGCTTC-3’) to amplify the apramycin-resistance cassette of pIJ773
(24). The in-frame deletion was confirmed by DNA sequence analysis.
All plasmids used in complementation experiments were introduced into the S.
coelicolor multiple auxotroph 2709 by transformation to thiostrepton resistance and then
mated from the 2709 derivative into the desired prototrophic strains selecting for
thiostrepton resistance and prototrophy. Isolated transconjugants were tested for the
presence of the antibiotic resistance gene marking the division gene mutation.
Light and electron microscopy.
Methods for phase-contrast microscopy using cover slip lift slides were performed
as described by McCormick and Losick, 1996 (39). For transmission electron
microscopy (TEM), two different whole colonies for each mutant were processed after
growth on R2YE for six days as described by Kieser et al. (33), except that phosphate
buffered saline was substituted for sodium cacodylate buffer. Thin sections were viewed
using a Hitachi 7100 microscope fitted with an Advanced Microscopy Techniques
Corporation (AMT Corp.) Advantage 10 CCD camera with digital capture performed on
a Macintosh computer using the public domain NIH Image program
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(http://rsb.info.nih.gov/nih-image/). Final digital images were adjusted for brightness and
contrast using Adobe Photoshop.
Computer analysis.
Gene and predicted protein product sequences were obtained from the
Streptomyces coelicolor genome database (ScoDB,
http://streptomyces.org.uk/S.coelicolor/index.html). The program PSI-BLAST (1)
was used to identify the putative divIC homologue in S. coelicolor. The program DAS
(14) was used to analyze the predicted gene products for potential membrane-spanning
segments and programs COILS 2.2 (36), MULTICOIL (54) and PAIRCOIL (6) were
used to analyze the predicted gene products for the potential to form coiled-coils.

49

RESULTS
Identification of ftsL and divIC homologues in S. coelicolor.
The S. coelicolor homologue of the ftsL gene of B. subtilis and E. coli, ftsLSC
(assigned ScoDB gene number SCO2091, annotated cosmid clone gene designation
SC4A10.24c), is located in the major division and cell wall (dcw) cluster between yllC
(yabC) and ftsI as in other bacteria (Fig. 1A). The ftsLSC gene is predicted to encode a
206 amino-acid, 20.9-kDa protein. FtsLSC has 19% identity (13/68) to those residues
representing the membrane-spanning segment and coiled-coil region of COG4839
consensus sequence (representing 26 FtsL sequences of Bacillus) (50). As noted for the
B. subtilis homologue (16), FtsLSC has negligible primary sequence similarity to FtsL of
E. coli, and primary amino acid sequence alignment to other FtsL proteins shows that few
residues are completely conserved (data not shown). This observation is consistent with
the fact that few specific residues are important for function in B. subtilis (47). Our
assignment is based on a similar argument made for the B. subtilis homologue (16): that
of gene position (synteny) in the major division and cell wall cluster, the predicted
structure and topology of the product, and the mutant phenotype.
The S. coelicolor homologue of the divIC gene of B. subtilis, divICSC (SCO3095,
E41.04c), was identified using the program PSI-BLAST. divICSC is located >1,100 kb
from the division and cell wall cluster (Fig. 1B), and encodes a 174 amino-acid, 19.8 kDa
protein. DivICSC is 26% identity (23/90 residues) in the amino acid overlap to the DivIC
conserved domain sequence (pfam04977) (3) located in the Conserved Domain Database
(CDD) (37). The DivIC conserved domain sequence mainly contains the membranespanning segment and the coiled-coil region. Currently, pfam04977 contains 96
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sequences including DivIC of B. subtilis, FtsB (YgbQ) of E. coli and DivICSC. The genes
immediately surrounding divICSC are not identical to those surrounding the B. subtilis
gene (2, 35), but a four gene cluster containing divICSC (eno-divICSC-E41.03c-E41.02c) is
conserved in the actinomycetes S. avermitilis (27), Mycobacterium tuberculosis (13) and
Corynebacterium diptheriae (11).
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FIG. 1. The chromosomal regions containing ftsL and divIC. (A) The division and cell wall cluster
(dcw) containing ftsLSC. The expanded region below the main figure shows the locations of pertinent
restriction sites. (B) The divICSC region of the chromosome. (A and B) Labeled open boxes indicate gene
positions. In the shown segments of the chromosome, all the indicated genes are in the same orientation
with respect to one another, reading by convention from left to right. The numbered boxes refer to the gene
nomenclature used by the Sanger Centre S. coelicolor genome project (eg., SCO3094). The locations of
restriction sites used to construct the mutations or complementation plasmids are shown: A, AgeI; B, BclI,
E, EcoRI; H, BamHI; K, KpnI; P, PstI; S, SacI. Horizontal bars positioned below the chromosomal regions
correspond to DNA inserts in plasmids used for mutagenesis or genetic complementation experiments. The
ftsLSC and divICSC deletion-insertion mutations are indicated by dashed lines in the plasmids used for
mutagenesis (pJA25 and pJA19, respectively). Plasmid pJA105 is similar to pJA89 but contains a 204-bp
in-frame deletion in ftsLSC (indicated by asterisk set off by parentheses) that removes the region coding for
the predicted membrane-spanning segment and the coiled-coil region. The results of genetic
complementation experiments (Fig. 4) are summarized in the labeled column on the right (+,
complementation; +/-, partial complementation; -, no complementation).

Both FtsLSC and DivICSC are predicted to be bitopic membrane proteins, each
containing a single membrane-spanning segment and a larger C-terminal domain. The
single transmembrane segments were predicted using DAS (circa residues 51-76 for
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FtsLSC and residues 57-76 for DivICSC). Potential coiled-coil regions were identified by
the COILS program (circa residues 78-109 for FtsLSC and residues 76-115 for DivICSC);
MULTICOIL program predicts that both proteins are more likely to interact as a trimer
than a dimer coiled-coil and analysis with the PAIRCOIL program suggests that DivICSC
may interact with itself. As was previously pointed out for the homologues of B. subtilis
(35), we noted that DivICSC shows a small degree of sequence similarity to FtsLSC (data
not shown).
ftsLSC and divICSC mutants have medium-dependent phenotypes.
To determine whether ftsLSC was functionally equivalent to ftsL of E. coli (25, 51)
and B. subtilis (15, 16), we constructed deletion-insertion mutants in which a 344-bp
fragment containing the 5’ end of the ftsLSC open reading frame was replaced by a
hygromycin-resistance cassette (Fig. 1A). Two independently isolated strains were
named DU190 and DU191. This result verified that ftsLSC was not essential for growth
and viability in S. coelicolor. This result is not surprising given that similar results were
previously obtained for ftsZ and ftsQ (39, 40). DU190 and DU191 grew well and
colonies produced an abundant aerial mycelium on MM, R2YE and MS media similar to
that of the wild-type strain. The aerial mycelium was a paler gray relative to the wild
type M145 on MS medium suggesting that there was a division defect within individual
aerial hyphae or a defect in the developmental maturation of pre-spore compartments.
For unknown reasons, but presumably related to their significantly decreased or abolished
vegetative cross-wall formation, previously isolated ftsQ and ftsZ mutants produce
copious amounts of the blue-pigmented antibiotic actinorhodin when grown on minimal
media, resulting in colonies that are surrounded by blue halos (39, 40). In contrast,
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ftsLSC-null mutant colonies are not surrounded by blue halos when grown on minimal
media. Presumably, this result is due to the fact that vegetative cross-wall formation is
only modestly affected (see below).
Both DU190 and DU191 exhibited a similar cell division defect during
sporulation as observed by phase-contrast microscopy. Strain DU191 was chosen for
further analysis. After 6 days on MM containing glucose as a carbon source, many
DU191 aerial hyphae contained shallow constrictions at regularly-spaced intervals,
suggesting that these hyphae had not completed septation to form individual pre-spore
compartments (similar to those shown in Fig. 2F). However, many seemingly mature
spore chains, with occasional lysed compartments, were also observed (Fig. 2B). Similar
results were observed for growth on MM containing mannitol as a carbon source (data
not shown). Surprisingly, when DU191 was grown on the rich medium R2YE, the ftsLSC
mutant displayed a more severe division defect (Fig. 2F). Straight and coiled aerial
filaments with regularly–spaced constrictions were observed, but few mature spore
chains were evident, even after ten days growth.
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FIG. 2. Phase-contrast microscopy of wild-type and mutant aerial hyphae. Shown are phase-contrast
micrographs of coverslip lifts removed after 6 days growth on glucose MM (A-D) or R2YE (E-H). Panels
A and E show the characteristic phenotype of wild-type (M145) spore chains. Also shown are aerial
hyphae of the ftsLSC-null (DU191) (B, MM; F, R2YE), divICSC-null (DU152) (C, MM; G, R2YE) and ftsLSC
divICSC double (DU220) (D, MM; H, R2YE) mutants. The mutants produce apparently normal spore
chains on MM agar, and aerial hyphae containing evenly-spaced constrictions which do not appear to have
completed division on R2YE agar. Examples of evenly-spaced constrictions in aerial hyphae of the
mutants are indicated by arrows. Straight and coiled aerial hyphae were seen for the division mutants.
Only examples of straight filaments are shown because they better display the observed division
phenotypes.
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To determine whether divICSC was functionally equivalent to divIC of B. subtilis
(35) and ftsB (ygbQ) of E. coli (10), we independently isolated two deletion-insertion
mutants (DU151 and DU152) in which a 384-bp fragment internal to the divICSC coding
region was replaced by aphI (Fig. 1B). Therefore, divICSC was also dispensable for the
growth and viability of S. coelicolor. DU151 and DU152 grew well and colonies
produced an abundant aerial mycelium on MM, R2YE and MS media. The aerial
mycelium was a paler gray relative to the wild type M145 on MS medium suggesting that
there may be a defect in spore formation or maturation. Similar to the ftsLSC-null mutants
(see above), but in contrast to ftsQ-null and ftsZ-null mutants, divICSC-null mutant
colonies were not surrounded by blue halos when grown on minimal media.
Both DU151 and DU152 exhibited a similar cell division defect during
sporulation, as assayed by phase-contrast microscopy. DU152 was chosen for further
analysis. It displayed a medium-dependent division defect indistinguishable from that of
the ftsLSC-null mutant strain when grown on minimal as well as rich media (Fig. 2C and
2G).
The genes surrounding divICSC are different from those surrounding ftsB (ygbQ)
of E. coli (10) and divIC of B. subtilis (2, 35). Upstream of divICSC is a gene (SCO3096)
coding for enolase, an enzyme used in glycolysis. Downstream of divICSC is an orf
(SCO3094, E41.03c) that encodes a hypothetical membrane protein of unknown function.
The downstream orf is in the same orientation as divICSC, and the two genes are
potentially part of an operon (Figure 1B). We isolated strains containing an insertion
mutation in SCO3094 (approximately two-thirds of the way from the initiation codon) to
determine whether it might also be involved in cell division. The mutant strains
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produced slightly smaller colonies than that of the wild type, but they sporulated at a
wild-type level (data not shown). Thus, the gene immediately downstream of divICSC is
most likely not involved in cell division.
ftsLSC divICSC double mutant has a phenotype indistinguishable from that of the
single mutants.
Previously it has been suggested that FtsL and DivIC may interact through their
coiled-coil domains in B. subtilis to form heterodimers (48). Recently, an FtsQindependent interaction between E. coli FtsL and FtsB indicated that the two proteins are
likely to interact with each other through their coiled-coil domains in the absence of other
septal components (Goehring et al., 2006). Perhaps the equivalent proteins are
functionally redundant under certain conditions in S. coelicolor, explaining the ability of
a single mutant to divide on minimal media. Interestingly, the absence of both proteins
did not result in a more severe division defect. The ftsLSC divICSC double-mutant strain
had a phenotype indistinguishable from that of either single mutant on minimal and rich
media, suggesting that these genes do not have functions that are redundant to each other.
The phenotype of the double mutant is more consistant with a requirement for an FtsLDivIC interaction at a specific stage of septation. The double mutant was capable of
producing aerial hyphae with distinctly separated pre-spore compartments on glucose
MM (Fig. 2D). However, when grown on R2YE, the double null strain was largely
blocked for sporulation, producing only aerial hyphae with evenly-positioned
constrictions about a normal spore-length apart (Fig. 2H).
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Septal morphology of ftsLSC and divICSC mutants.
We anticipated that the evenly-spaced constrictions in aerial hyphae of these
division mutants resulted from a failure to complete septum invagination. However, we
could not rule out the possibility that the sporulation septa were complete and the
resulting pre-spore compartments had failed to metamorphose into separated spores.
Therefore, transmission electron microscopy (TEM) was employed to examine the
morphologies of sporulation septa and vegetative cross-walls of the mutants grown on
R2YE, the medium where a more severe division phenotype was seen (Fig. 3).
Wild-type strain M145 produced aerial hyphae that were divided into distinct
spore compartments by normal sporulation septa (Fig. 3D and G). Approximately 97%
of the observed sporulation septa fell into this category (Table 1). The remaining three
percent of observed division sites appeared to be at an early stage with slight
constrictions but no obvious invagination and occurred adjacent to one another within the
same hypha.
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FIG. 3. Transmission electron micrographs showing vegetative cross-walls and sporulation septa in
wild type and division mutant hyphae. Strains were grown for 6 days on R2YE, the medium showing
the largest defect in division, and prepared for TEM examination. Shown are thin sections through
vegetative cross-walls (A-C) and sporulation septa (D-I). Panel A shows the normal morphology of a wildtype (M145) vegetative cross-wall. Approximately half of the observed vegetative cross-walls for the
divICSC-null (DU152) and ftsLSC-null (DU191) mutants were indistinguishable from those of the wild type
(not shown), while the other half of the crosswalls appeared in some way aberrant. Incomplete vegetative
cross-walls are shown for the divICSC-null and ftsLSC-null mutants in panels B and C, respectively. Wildtype sporulation septa separating either pre-spore compartments (D) or mature spores (G) are shown.
Examples of the aberrant morphologies characteristic of sporulation septa of the divICSC-null mutant (E and
H) and the ftsLSC-null mutant (F and I) are shown. Arrows indicate sporulation septa that have begun to
form only on one side of a filament. The arrowheads point to a completed but malformed sporulation
septum.
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Consistent with observations made by phase-contrast microscopy, the aerial
hyphae of the ftsLSC-null and divICSC-null mutants were mainly blocked at an
intermediate stage of septation, as follows. Most aerial hyphae contained partial
sporulation septa that had begun to form, but had not completely traversed the width of
the filament (approximately 92% of observed septa, Table 1). These partial septa fell into
three main categories. First, circa 80% of the total observed division sites were only
partially constricted, with little or no obvious ingrowth (arrow in Fig. 3E). Second, other
partially formed sporulation septa had invaginated but from only one side of the division
site (approximately 9% of the cases), but not at the other (Fig. 3F and I for the ftsLSC
mutant; Fig. 3E and H for the divICSC mutant). Third, partially formed septa with
invagination from both sides were observed in 4% of the cases. We noted that when
invagination from both sides was observed, one side frequently appeared to be longer
than the other. Complete sporulation septa were also observed and fell into two
categories. First, apparently normal sporulation septa that had completely traversed the
filament were occasionally observed (approximately 6% of the observed septa, similar to
those shown in Fig. 3G). Second, in the remaining 3% of the cases, aberrant sporulation
septa that completely traversed the filament were evident (arrow head in Fig. 3E). It is
possible that some of these septa that appeared to be complete were actually tangential
sections through incomplete septa.
In contrast, cross-wall formation within vegetative hyphae was not as severely
affected as sporulation septation in aerial hyphae (Table 1). Cross-walls observed by
TEM fell into three classes. Approximately 51% of vegetative cross-walls in the mutants
appeared morphologically normal (not shown but similar to the wild type in Fig. 3A). An
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additional 20% of the cross-walls completely traversed the hypha but were aberrant in
appearance (i.e., thick, wavy or not perpendicular to the long axis). (Again, it is possible
that some of these cross-walls that appeared to be complete were actually tangential
sections through incomplete septa.) In the remaining 29%, potentially arrested or slow
ingrowth of cross-walls was observed in vegetative hyphae for both the divICSC and the
ftsLSC mutants (Fig. 3B and C, respectively). For slightly more than one third of this last
class (and 11% of the total), ingrowth from only one side of the filament was observed
(Fig. 3C). For the other two thirds of this last class (18% of the total), ingrowth from
both sides of the filament was observed (Fig. 3B). We noted that when invagination from
both sides was observed, one side frequently appeared to be longer than the other (Fig.
3C). In contrast, 97% of the wild type vegetative septa were complete (Table 1).
Invagination from only one or both sides was observed in only 2% of the cases for wild
type (one example for each type).
Vegetative cross-wall formation in the double mutant strain was essentially
identical to either single mutant (Table 1). Interestingly, sporulation septation was
noticeably less impaired when both genes were inactivated. Two to three-times as many
septa appeared to be complete in a double mutant compared to either single mutant. An
additional, 14% of the septa traversed the hyphae and were aberrantly thick resulting in
spore-like compartments that failed to separate. The frequency observed for classes of
normal and aberrantly completed septa increased at the expense of the class blocked early
in constriction. Transmission electron microscopy also indicated that the frequency of
division initiation in vegetative hyphae of the division mutants was not dramatically
decreased compared with the wild type strain (data not shown).
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TABLE 1. Morphologies of division sites for wild-type and division mutant strains
when grown on R2YE medium as observed by TEM.
DIVISION PATTERN§
STRAIN

Wild type

∆ftsLSC

∆divICSC

∆ftsLSC &
∆divICSC

DIVISION
TYPE
Complete

Constricted

Two Sides

One Side

Other

Vegetativea

97%

NA

1%

1%

1%

Sporulationb

97%

3%

0%

0%

0%

Vegetativec

52%

NA

18%

10%

21%

Sporulationd

7%

82%

3%

8%

0%

Vegetativee

50%

NA

18%

12%

19%

Sporulationf

6%

77%

5%

9%

2%

Vegetativeg

51%

NA

11%

6%

31%

Sporulationh

17%

57%

5%

7%

14%

§- Division pattern scoring: complete, normal division; constricted, aerial filament
indented without obvious ingrowth; two sides, ingrowth from both sides; one side,
ingrowth from only one side; other, division appeared to be complete but septa were
obviously aberrant in some way (i.e., thick, wavy, or not perpendicular to long axis of
cell); NA, not applicable (because vegetative filaments do not constrict).
a- 87 vegetative cross-walls counted.
b- 114 sporulation septa counted.
c- 252 vegetative cross-walls counted.
d- 87 sporulation septa counted.
e- 136 vegetative cross-walls counted.
f- 78 sporulation septa counted.
g- 144 vegetative cross-walls counted.
h- 84 sporulation septa counted.
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Genetic complementation experiments.
Complementation experiments were performed to ensure that the cell division
defects observed for the ftsLSC-null mutant (DU191) and divICSC-null mutant (DU152)
were imparted by the introduced deletion-insertion mutations rather than polar effects on
downstream genes or unlinked mutations which resulted during transformation. Plasmid
pJA88, containing Pdcw-yllC-ftsLSC-ftsI’, partially restored sporulation to DU191 (Fig.
4B). Thus, the cell division defect of DU191 resulted from the introduced deletion of
ftsLSC and was not the result of an unlinked mutation. However, the partial
complementation result indicated that either efficient expression of ftsLSC requires
additional sequences downstream of the gene (for message stability) or the cell division
defect of DU191 was partially the result of polarity effects of the mutation in ftsLSC on
ftsI. These possibilities were tested using additional complementation plasmids. Like
pJA88, plasmid pJA107, which contains additional downstream sequence into ftsI,
resulted in only the partial restoration of sporulation to DU191. In contrast, pJA89,
containing Pdcw-yllC-ftsLSC-ftsI, substantially restored sporulation to DU191 (Fig. 4C).
Finally pJA105, which is identical to pJA89 except that it contains a 204-nucleotide inframe deletion in ftsL replacing the region coding for amino acid residues 42–109 of FtsL
(the predicted membrane-spanning segment and the coiled-coil region) with an 81 base
FLP-recombinase scar peptide-coding sequence (24), did not result in the restoration of
sporulation to DU191. The results obtained for complementation experiments with
pJA89 and pJA105 prove that the cell division defect is caused by the deletion of ftsL in
DU191 and not a polar effect on downstream cell division gene ftsI. Therefore the partial
complementation achieved with plasmids pJA88 and pJA107 most likely occurred
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because more downstream sequence was necessary for message stability. Similarly, an
ftsI mutant is only partially complemented by pJA89 (Pdcw-yllC- ftsLSC-ftsI with little
coding region downstream of ftsI) (JAB and JRM, unpublished data), suggesting the
mRNA from the early portion of the dcw cluster is not very stable when the natural
contiguous downstream coding regions are not present. Plasmid pJA57 containing an
additional copy of divICSC failed to complement the ftsLSC mutation of DU191 (data not
shown). Therefore, modestly elevating the copy number of divICSC does not compensate
for the loss of ftsLSC.

FIG. 4. Phase-contrast microscopy of aerial hyphae of ftsL- and divICSC-null mutants in genetic
complementation experiments. Shown are phase-contrast micrographs demonstrating the division
phenotypes of representative aerial hyphae of plasmid-containing strains after growth for 6 days on R2YE
agar containing 10 µg ml-1 thiostrepton. The ftsL-null mutant (DU191) containing pJRM10 (low-copynumber vector lacking an insert) has aerial hyphae with evenly-spaced constrictions (A). pJA88 (yllCftsLSC) partially complements the ftsLSC-null mutation (aerial hyphae with evenly-spaced constrictions in
panel B; infrequent spore chain shown in inset), while pJA89 (yllC- ftsLSC-ftsI) appears to complement the
ftsLSC-null mutation fully (C). As anticipated pJA105, containing an in-frame deletion of ftsL, does not
complement the ftsLSC-null mutation (D). Also shown are representative aerial hyphae produced by the
divICSC-null mutant (DU152) containing pJRM10 (vector control) that fails to complement the mutation (E)
and pJA57 (divICSC) that appears to fully complement the mutation (F).

When pJA57, which contains divICSC as the only complete reading frame, was
introduced into DU152, spore formation was dramatically increased to a level
indistinguishable from that of the wild type (Fig. 4E). Therefore, the cell division defect
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of DU152 is the result of the deletion of divICSC. Plasmids pJA48, pJA88 and pJA89
containing additional copies of ftsLSC failed to complement the divICSC mutation of
DU152 (data not shown). Therefore, modestly elevating the copy number of ftsLSC does
not compensate for the loss of divICSC.
Osmolarity of the growth medium appears to affect the division phenotypes of ftsLSC
and divICSC mutants.
Of the media tested, division phenotypes were most severe on R2YE, a
conventional rich medium with high osmolarity. In addition to being used for standard
strain propagation, this osmotically-enhanced medium is used for protoplast regeneration
following PEG-mediated transformation. To determine the parameters that affect the
division phenotypes of the ftsLSC and divICSC mutants on different media, we dissected
the R2YE medium by individually omitting components. We found that omitting the
sucrose from R2YE (normally present at 0.3 M) resulted in a division phenotype for both
mutants that closely resembled that of the same strains grown on MM (Fig. 5). Omitting
several other individual components of R2YE (see MATERIALS AND METHODS) had
no noticeable effect on the division phenotypes of the mutants (data not shown). Because
sucrose is not utilized as a carbon source by S. coelicolor (26), we infer that osmolarity
was the parameter affecting the severity of the division defect on different types of
media.
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FIG. 5. Phase-contrast microscopy of ftsLSC-null and divICSC-null mutants showing the effects of
omitting sucrose from R2YE medium on aerial hyphal morphology. Shown are representative aerial
hyphae produced by the wild-type and mutant strains when grown for 6 days on standard R2YE (A-C) or
R2YE prepared without sucrose (D-F). The wild type strain (M145) produces aerial hyphae that
metamorphose into chains of spores when grown on both types of media (A and D). The ftsLSC-null
(DU191) and divICSC-null (DU152) mutants produce constricted aerial hyphae (straight and coiled) that are
blocked for division on standard R2YE (B and C, respectively). These same mutants are able to complete
division when grown on R2YE prepared without sucrose (E and F, respectively).
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DISCUSSION
In this study, we report the characterization of cell division genes ftsLSC and
divICSC (ftsB/ygbQ) in S. coelicolor A3(2), a sporulating mycelial bacterium. These
genes are essential for the colony formation of the model unicellular rod-shaped bacteria
E. coli (10, 25) and B. subtilis (16, 35). Here, we have demonstrated that ftsLSC and
divICSC are dispensable for growth and viability in S. coelicolor, as has been previously
shown for ftsZ and ftsQ (39, 40). Furthermore, strains mutant for both genes were no
more impaired for division and colony formation than either single mutant, suggesting
that the genes may code for proteins involved in the same aspect of the cell division
process. Nonetheless, ftsLSC and divICSC are required for the efficient conversion of
multigenomic aerial hyphae into chains of unigenomic spores (Figs. 2 and 3).
It was surprising to discover that the severity of the division phenotypes for the
new S. coelicolor mutants were dependent on the medium because the impairments in
division of the previously analyzed ftsZ-null and ftsQ-null mutants were the same on all
media tested (39, 40). We found that strains mutated for ftsLSC, divICSC, or both genes
can divide reasonably well, forming some chains of spores from aerial hyphae when
growth occurs on a minimal medium (Fig. 2B-D). Therefore, under certain physiological
circumstances, reasonably proficient division can be accomplished in the complete
absence of the functions usually supplied by the deleted genes. Alternatively, another
known or unknown division protein supplies some function that partially compensates for
the loss of both FtsLSC and DivICSC on minimal medium. However, it should be noted
that there are no other convincing ftsLSC-like or divICSC-like genes in the S. coelicolor
genome. Osmolarity of the medium appears to affect the severity of the division defect

67

(Fig. 5). However, we anticipate that further dissecting the parameters affecting
physiology and gene expression on osmotically-enhanced media may prove to be
complicated. This difficulty may be related to the fact that S. coelicolor has a large
genome containing multiple sigma factors involved in the regulation of osmotic stress
responses (52). Interestingly, the original characterization of ftsL (mraR) mutants of E.
coli also showed that they had medium-dependent phenotypes (25, 28). Lysis, branching
and deformation of the cell wall were observed. Most likely, those phenotypes were in
response to differences in salt (NaCl) concentration.
What roles do FtsL and DivIC perform during division? At present, their
functions are not known (8, 18) and few clues are discernable in the smooth filaments
that result following thermal inactivation or blocking synthesis of either protein in rodshaped bacteria. These products appear to be structural components of the multisubunit
division apparatus, important for recruiting other division proteins (see below) and
perhaps indirectly acting through the division apparatus to stabilize the cytokinetic Z ring
during constriction. For example, the action of DivIC on the stability of the B. subtilis Zring would have to be indirect because only the extacellular domain is required for
division (32). Alternatively, because these proteins have coiled-coil regions, it was
suggested that they might be involved in membrane fusion at the culmination of septation
(10, 19, 35). The two proteins are not absolutely required for either process during
division for S. coelicolor, especially when growth occurs on a minimal medium,
conditions where at least some aerial hyphae of the mutants can divide nearly as well as
the wild type (Fig. 2). Apparently, when growth occurs on a minimal medium, the
ladder-like array of Z rings that form in aerial filaments of S. coelicolor (46) are
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relatively stable during constriction without the two proteins, and membrane fusion can
occur. If this inference were not true, it would be hard to imagine how the observed
chains of spores are created.
Our TEM observations of S. coelicolor mutants suggest a function for FtsL and
DivIC. In the complete absence of the proteins, we frequently observed ingrowth of
septal material from only one side for both sporulation septum formation (for
approximately 8%) as well as vegetative cross-wall formation (for approximately 9%).
In the cases where we observed ingrowth from two sides, one side was frequently longer
than the other. Therefore, it appears that a coordination process has been disturbed and
symmetrical annular ingrowth has been impaired. When division proceeds beyond the
initial constriction phase in aerial filaments, it appears that only part but not all of the
constricting septum-synthesizing machinery is halted (or drastically slowed) from
proceeding. In the absence of FtsL and DivIC, ingrowth becomes skewed. At present we
are unable to distinguish if the completely assembled (localized) division machinery fails
to invaginate coordinately and symmetrically or if the Z ring constricts symmetrically and
the remainder of the division apparatus invaginates asymmetrically. Nonetheless, based
on these observations, we hypothesize that FtsL and DivIC function to coordinate the
symmetrical ingrowth of the constricting division apparatus (Fig. 6). This coordination
might directly involve the biochemical functions of FtsL and DivIC. This is unlikely as
the proteins function mainly through their external domains and appear to be structural
components. Alternatively, coordination might be indirect, through the stabilization of
the Z ring, if there is a conformational change in the Z ring required during division or as
the Z ring is remodeled to fill the smaller space. Another possibility is that coordination
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may involve stabilizing the connection to the Z ring. Finally, coordination may occur
indirectly through the stabilization (or by inducing a conformational change) of the
presumed multisubunit division complex itself. Perhaps a signal is transduced through
the complex signaling complete assembly before symmetrical ingrowth begins.

FIG. 6. Model proposing a function for FtsL and DivIC during prokaryotic cytokinesis. During
division in a wild type aerial filament, the nascent invaginating septum constricts symmetrically (top). In
aerial filaments mutant for ftsLSC or divICSC, symmetrical invagination is impaired and coordination is lost
resulting in division sites where the septum is frequently synthesized from one side of the cell cylinder
(bottom). Sagittal (a and b) and longitudinal (c) cross sections of division sites within aerial filaments are
depicted. The newly synthesized material during constriction is hatched in the sagittal sections through the
septum (a and b). For a wild type hypha, regardless of the orientation of the longitudinal section,
invagination would appear to occur evenly from both sides. In longitudinal section through the vertical
plane of a division mutant (c) invagination predominantly appears asymmetrical. Note that if a longitudinal
section were in the horizontal plane for a division mutant, it would appear that invagination was occurring
from both sides. These patterns would be expected and do occur with approximately equal frequencies for
the division mutants (Table 1).

The TEM analysis illustrates two additional points about S. coelicolor
development. First, there is a genetic or physiological distinction between the two
temporally and spatially separated types of division in this mycelial organism.
Sporulation septation was more sensitive to the loss of ftsLSC or divICSC than vegetative
cross-wall formation. For each single mutant, more than 50% of vegetative cross-walls
were normal in appearance, while an additional 20% were complete but aberrant in some
way. In contrast, more than 75% of division sites in aerial filaments were partially
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constricted. Only 9% of sporulation septa were complete and normal in appearance.
These current observations are consistent with the previous isolation and characterization
of an ftsZ missense mutant, which also showed a genetic distinction between the two
types of division (23). Similarly, septation during sporulation in B. subtilis appears to be
more dependent on cell division than is growth (30, 35). Second, TEM analysis indicates
that division may not be absolutely required to regulate developmental gene expression
necessary for spore maturation. Despite the inability to complete division in most cases,
differentiation of the cell wall of aerial filaments continues (for examples, see Fig. 3E and
H). The cell wall of the division mutants has a thickened appearance similar to that of
mature spores (Fig. 3G) and is not thin as in early pre-spore compartments (Fig. 3D).
Furthermore, many of these compartments were rounded, more like mature spores than
the pre-spore compartments that normally result after sporulation septation divides an
aerial hypha (compare Fig. 3D with 3E). These observations indicate that there may not
be an absolute requirement to complete the subdivision of aerial filaments into unicellular
compartments before activating “late” developmental gene expression in aerial filaments.
Development continues in the absence of the normal frequency of division. Therefore,
division at each and every normal position within an aerial filament is not a
morphological checkpoint for all further developmental steps.
In recent years, numerous studies using cell biology tools have shown that the
known division proteins are recruited to the middle of the cell in paradigm rod-shaped
bacteria E. coli and B. subtilis [see (8, 18), and references therein). Recruitment of the
division proteins is largely linear in E. coli while more of the proteins are codependent
for localization in B. subtilis. We do not know yet the order of division protein
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recruitment to division sites in S. coelicolor or if localization of FtsL and DivIC are codependent as they are in B. subtilis and FtsL and FtsB are in E. coli. In E. coli and B.
subtilis, FtsL and DivIC (FtsB) are required so that FtsI and FtsW (and FtsN in E. coli)
are recruited to the division site. If division proteins are recruited in a similar order with
similar dependencies in S. coelicolor, then our current observations lead one to consider
an additional puzzle. When both FtsLSC and DivICSC proteins are missing from the
division complex for an S. coelicolor double mutant, how are the anticipated later
recruited proteins attracted to the division complex? If FtsI and FtsW are not recruited to
division sites in the ftsLSC divICSC double mutant, then S. coelicolor is able to divide
without at least four “essential” division proteins (i.e., FtsL, I, W and DivIC).
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CHAPTER 3
Streptomyces coelicolor mutants deleted for cell division
gene ftsI or ftsW display medium-dependent phenotypes
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ABSTRACT
We have characterized the homologues of the bacterial cell division genes ftsI and
ftsW in the Gram-positive, filamentous bacterium Streptomyces coelicolor A3(2). ftsI
encodes a penicillin-binding protein (PBP) involved in septum-specific peptidoglycan
biosynthesis, and ftsW encodes a polytopic membrane protein that is believed to recruit
FtsI to the nascent division site. The FtsW/FtsI protein pair is believed to function in
septal peptidoglycan biosynthesis during cell division in the same way as RodA and its
cognate PBP during cell elongation. Although, both ftsI and ftsW are essential genes in
Escherichia coli, we demonstrate by deletion-insertion mutations that ftsI and ftsW are
dispensable for the growth and viability of S. coelicolor. This is consistent with our
previous results that cell division genes ftsZ, ftsQ, ftsL and divIC are also nonessential for
the growth and viability of this organism. ftsI- and ftsW-null mutant strains grown on a
rich medium produced aerial hyphae with no evidence of complete separation between
pre-spore compartments. This phenotype was largely suppressed when the same strains
were grown on a minimal glucose medium, where division proceeded in many instances
to form long chains of clearly divided spores. These medium-dependent phenotypes are
similar to those of the previously described ftsL- and divIC-null strains, but the severity
of the division defect on a rich medium was greater for ftsI and ftsW mutants. The ability
of ftsI- and ftsW-null mutants to complete division on minimal media provides evidence
that a penicillin-binding protein other than FtsI is able to function to complete the
division process under some conditions in S. coelicolor, an organism that possesses four
PBP/RodA-like pairs. This is a finding that has potential implications for the cell
division pathways of other prokaryotes.
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INTRODUCTION
Cell division is a complex temporally and spatially regulated process that requires
the actions of several genes. Many of these genes, termed fts genes (filamentation
thermosensitive), were first identified in Escherichia coli by temperature sensitive
mutations that resulted in the filamentation and subsequent lysis of cells (26, 59). The
known division proteins of both E. coli and B. subtilis include FtsZ, FtsA, ZapA, FtsEX,
FtsK, FtsQ (DivIB), FtsL, DivIC (FtsB), FtsW, FtsI, and AmiC [reviewed in (14, 17,
60)]. Additionally, E. coli possesses ZipA and FtsN, and B. subtilis contains EzrA and
SepF (YlmF) (10, 23, 24, 30, 52). The highly conserved protein FtsZ, a prokaryotic
homologue of tubulin (35), is the earliest acting cell division protein. In unicellular
bacteria, it forms a cytokinetic ring structure at midcell, known as the Z-ring, which
serves as a scaffolding for other division proteins, and may provide the contractile force
necessary for the invagination of the nascent septum (52). The division proteins
assemble into a complex (divisome) at the Z-ring in a distinct order determined mainly by
fluorescence microscopy studies conducted in E. coli, where the division assembly
pathway appears to be linear [reviewed in (9)], and Bacillus subtilis, where the order of
localization of division proteins exhibits an interdependency (14). Only recently has it
been shown in E. coli that the linear order of protein localization most likely represents
the temporal order of addition of proteins, rather than the ability of each protein to only
interact with the previously localized component of the division apparatus. A novel
approach for detecting division protein interactions by prematurely targeting the proteins
to the divisome with ZapA fusions, has revealed that the E. coli division apparatus is
actually comprised of a series of interacting protein subcomplexes, as evidence has
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already suggested for B. subtilis (17, 18). From these experiments, there appears to be at
least three subcomplexes of the divisome: FtsZ-FtsA-ZipA, FtsQ-FtsB(DivIC)-FtsL, and
FtsW-FtsI with the two latter subcomplexes interacting with one another.
Despite extensive research, very little is known about the functions of many of the
division proteins. FtsA and/or ZipA are believed to be required for anchoring the Z-ring
to the cytoplasmic membrane (43, 47), and SepF of B. subtilis is believed to have an
overlapping function with FtsA (30). EzrA of B. subtilis inhibits Z-ring formation (22),
while the more widely conserved ZapA stabilizes Z-rings (19). FtsK is a bifunctional
protein involved in cell division (2, 13, 64) and chromosome segregation (1, 45, 55).
Recently, DivIB (FtsQ) has also been implicated in chromosome segregation in B.
subtilis, in addition to its unidentified role in the cell division process (50). FtsI, also
known as PBP3 (penicillin-binding protein 3) in E. coli and PBP2b in B. subtilis, is a
transpeptidase involved in septum-specific cell wall biosynthesis (33, 48); and AmiC is
an amidase involved in daughter cell separation (6).
Bacteria that produce a peptidoglycan cell wall must be able to synthesize lateral
cell wall material during cell elongation and produce septal peptidoglycan during
cytokinesis. Most of these bacteria possess separate related protein systems for these
processes, each consisting of a polytopic membrane protein of the SEDS (shape,
elongation, division and sporulation) family and a cognate class B penicillin-binding
protein (PBP) (38). Class B PBPs are transpeptidases that cross-link glycan chains via
peptide cross bridges during cell wall biosynthesis. RodA (shape and elongation), FtsW
(division) and SpoVE (sporulation-specific division in B. subtilis) are members of the
SEDS family of proteins (29). The function of the SEDS proteins is unclear, but they are
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required for the activity of their specific PBP partner. It has been proposed that the
SEDS proteins are responsible for the transport of peptidoglycan precursors to the
periplasm for use by their cognate transpeptidases (28). In E. coli the protein pairs,
RodA-PBP2 and FtsW-FtsI (PBP3) are responsible for synthesizing cell wall
peptidoglycan during cell elongation and division, respectively. In most bacteria, two
protein pairs exist, one for elongation and the other for division (37). However, some
bacteria possess three protein pairs as in B. subtilis where sporulation-specific division
genes exist in addition to those for vegetative crosswall formation. The genome of
sporulating bacterium S. coelicolor possesses four such homologous pairs.
Although FtsI is the only PBP that has been shown to be essential for cell division
in E. coli and B. subtilis, many other PBPs have recently been implicated in the process.
Class A PBPs are bifunctional enzymes responsible for transglycosylation reactions
required for glycan strand polymerization as well as the transpeptidase activity that crosslinks the peptide chains of the glycan strands during cell wall biosynthesis. All class A
PBPs, and multiple class B and low molecular weight PBPs have been shown to localize
to the division site in B. subtilis (58). Additionally, B. subtilis PBP1 requires division
proteins DivIB (FtsQ), DivIC (FtsB) and PBP 2B/FtsI for its recruitment to the septum,
and is itself required for proper septation (46, 57). In E. coli, PBP1a, PBP1b and PBP2
can be co-purified with FtsI. Most recently, an interaction between FtsI and PBP1B of
E.coli has been confirmed both in vitro and in vivo. The recruitment of PBP1B to the
division site depends on the prior localization of FtsI (7). Despite these detected
interactions, it remains unclear what roles these other PBPs have in the division process,
since FtsI is the only protein shown to be absolutely required.
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Streptomyces coelicolor is a Gram-positive, filamentous bacterium that requires
cell division only for sporulation. It possesses homologues of cell division genes ftsZ,
ftsQ, ftsL, divIC, ftsW, ftsI, ftsK, and amiC, but no obvious homologues of ftsA or zipA (3,
39, 40; JRM, unpublished). In other organisms cell division is essential for growth and
viability, but not in S. coelicolor, where viable strains containing deletions of ftsZ, ftsQ,
ftsL and divIC have been isolated previously (3, 39, 40). An S. coelicolor mutant deleted
for ftsZ was previously shown not to divide at all (40), while an ftsQ-null mutant was
largely blocked for division on all types of media tested (39). Surprisingly, unlike ftsZ
and ftsQ mutants, ftsL and divIC mutants displayed medium-dependent phenotypes that
were more severe when grown on a rich medium than when grown on a minimal medium
(3).
Here we report the characterization of two additional S. coelicolor cell division
genes, ftsI and ftsW. Both genes are essential in E. coli and encode proteins that are late
recruits to the division septum as demonstrated in E. coli and for homologues of the B.
subtilis proteins. Our results show that ftsW and ftsI are dispensable for colony
formation, but required for efficient cell division in S. coelicolor. Similar to the
previously published ftsL and divIC mutants, ftsW- and ftsI-null mutants of S. coelicolor
display medium-dependent phenotypes that are more severe on a rich medium than when
the mutants are grown on a minimal medium. In conjunction with our previous results,
we suggest that because ftsL, divIC, ftsI, and ftsW mutants are able to divide on a minimal
medium, other proteins may compensate for the loss of FtsL, DivIC, FtsI and FtsW,
possibly via an alternate division pathway or because the division machinery normally
includes proteins involved in lateral cell wall biosynthesis.
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MATERIALS AND METHODS
Bacterial strains, plasmids and media.
The prototrophic, SCP1-, SCP2- S. coelicolor A3(2) strain M145 was used as the
parent strain for mutant isolation (32). JBY5 (∆ftsI::aphI) was isolated by transforming
M145 to neomycin resistance with pJY9 (this study). PFB22 (∆ftsW::aac(3)IV) was
isolated by conjugation of pPB10 from E. coli to M145, selecting apramycin resistance
(this study). The unmarked ftsW-null strains, PFB26 and PFB28, were isolated by
transforming PFB22 with pPB10∆ (this study) and selecting for kanamycin resistance.
Then the isolated transformants were tested for a loop-out event that would result in
marker replacement by screening for apramycin and kanamycin sensitivity. Multiple
auxotrophic strain 2709 (32) was used as the donor strain for conjugal transfer of
bifunctional plasmids for genetic complementation experiments. HU133 (∆ftsZ::aphI)
(40), HU151 (∆ftsQ::aadA) (39), DU152 (∆divIC::aphI), DU191 (∆ftsL::hyg) (3), J2210
(∆whiH::hyg) (54) were used as control strains.
Standard procedures for conjugal transfer of plasmids, protoplast regeneration and
transformation were used (32). Double-stranded plasmid or chromosomal DNA was
alkaline-denatured before transformation of S. coelicolor protoplasts to stimulate
homologous recombination (42). Streptomyces strains were grown at 30°C. YEME
(liquid), R2YE (agar), soya flour mannitol MS (agar) and minimal medium MM (agar)
for growth of S. coelicolor were as previously described (32, 39). Glucose was added to
0.5% (w/v) in MM. Final concentrations of antibiotics used for Streptomyces were
apramycin at 25 µg ml-1, thiostrepton at 50 µg ml-1 and neomycin at 10 µg ml-1. Specific
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individual medium components were omitted from R2YE to analyze their effects on the
division phenotypes of cell division mutants.
E. coli strains LL308 (65) and TG1 (56) were used for standard plasmid
manipulation. To bypass the methyl-specific restriction system of S. coelicolor, the damdcm- E. coli strain ER2-1 was used for preparation of unmodified plasmid DNA used in
protoplast transformations (4). Methylation-deficient E. coli strain ET12567 (36),
containing the non-transmissable, mobilizing plasmid pUZ8002 (44), was the donor
strain for conjugal transfer of plasmids from E. coli to S. coelicolor. E. coli BW25113
containing λRED plasmid pIJ790 (20, 21) was used for PCR-targeting for S. coelicolor
mutagenesis. E.coli BT340 containing FLP recombination plasmid (20, 21) was used to
induce excision of an insertion cassette flanked by FRT sites for the unmarked ftsW-null
mutation. Antibiotic concentrations used for E. coli were ampicillin at 100 µg ml-1,
apramycin at 100 µg ml-1, chloramphenicol 25 µg ml-1, and kanamycin 50 µg ml-1.
When in combination, apramycin and kanamycin were used at half of the above
concentration.
pBluescript II SK(+) (Stratagene) was used as a standard cloning vector. pOJ260
is a pUC-like plasmid that contains the aac(3)IV gene (8). PCR products were cloned
into pCR2.1 (Invitrogen). Cosmid C69 was used as a source of DNA for ftsI and ftsW
(51). The insert of pIJ773 was used as a template for PCR to obtain a linear cassette
consisting of the aac(3)IV gene and oriT bracketed by FRT sites and flanked by regions
homologous to ftsW (20, 21). The insert DNA of pIJ799 as a linear PCR product,
consisting of aac(3)IV and oriT (gift from B. Gust) was used to replace the bla gene in
the cosmid C69 backbone. pRA4 was the source of the aphI gene (3); and pJR132 was
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the source of a 921-bp KpnI-BclI fragment ('ftsI-murE') (3). pJA89, which contains Pdcw
-yllC-ftsL-ftsI, is the bifunctional replicon used in experiments for the genetic
complemtentation of JBY5 (3). Bifunctional replicons pJRM9 (containing ftsQ and ftsZ)
and pJRM12 (containing ftsZ only) were used in experiments to determine the ability of
an additional one to two copies of ftsQ or ftsZ to suppress the cell division defects
observed in ftsL, divIC, ftsW and ftsI mutants (39). pJRM10 is a bifunctional replicon,
containing no DNA insert, that was used as a vector control in genetic complementation
experiments. pJRM13 (a pJRM10-derived, bifunctional replicon) (39), containing
‘murD-ftsW-murG-ftsQ, was used in experiments for the genetic complementation of the
ftsW-null mutant.
General DNA techniques.
DNA restriction and modifying enzymes were used according to the
manufacturer's recommendations. Chromosomal DNA was prepared according to Kieser
et al., 2000. Plasmid DNA was prepared from E. coli using the QIAprep Spin Kit
(Qiagen). The QIAquick Gel Extraction Kit was used to purify DNA fragments
fractionated by agarose gel electrophoresis. PCR products were cloned into pCR2.1
using the TOPO TA Cloning Kit (Invitrogen). Redirect technology (20) was used for
λRED recombination of linear DNA cassettes in E. coli.
Nucleotide sequence analysis.
ftsI and ftsW were sequenced using nested sets of unidirectional deletions (25) and
custom oligonucleotides. The sequences were deposited in GenBank under accession
numbers AF123319 and U10879, respectively. Subsequently, the sequences determined
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by the Streptomyces genome project (5) for these genes were shown to match the
determined sequences.
Construction of plasmids used to create the ftsI- and ftsW-null mutants.
We constructed plasmids containing deletion-insertion mutations of ftsI and ftsW
in E. coli. pJY9 contains the aphI gene in place of 1.2 kb of the predicted 1.96-kb ftsI
coding region. pPB10 contains aac(3)IV inserted by lambda Red recombination in place
of a 1.3 kb fragment, resulting in a nearly complete deletion of the ftsW predicted reading
frame.
The construction of pJY9 for the deletion of ftsI is as follows. First, an 8.5-kb
EcoRI fragment from cosmid C69 was cloned into pBluescript II SK(+) to create pJR131.
Using this plasmid as template, the region upstream of the ftsI deletion was amplified by
PCR with primers ftsIdel1 (5'-CTCCTGCCCACCGGCGGATC-3') and ftsIdel2 (5'TCACGGTTCCCTGTCGGACACTTC-3'). The 530-bp PCR fragment was then cloned
into pCR2.1 to create pJY5 with the insert flanked by EcoRI sites. The fragment
downstream of the ftsI deletion was excised as a 921-bp Acc65I (filled in)-BclI fragment
from pJR132 and inserted into pOJ260 digested with HindIII (filled in) and BglII to
create pJY7. pJY8 was constructed by inserting the 514-bp EcoRI fragment from pJY5
into pJY7. Finally, the aphI gene was excised from pRA4 as a 1.05-kb BglII (filled in)
fragment and inserted into EcoRV-digested pJY8 to create pJY9 (aphI in the same
orientation as ftsI).
The plasmid pPB10 that was used to isolate the apramycin resistant ftsW-null
mutant was constructed as follows. A 1.38-kb EcoRI-HindIII fragment from pIJ773
containing the aac(3)IV gene and oriT flanked by FRT sites was excised and then PCR
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amplified using primers that also contained homologous extensions for the ends of ftsW:
upstream primer Winframe1(5'-CCATGCCGACGTACAGCGGAGGCCGCGATGCCCGGTAGTATTCCGGGGATCCGTCGACC-3') and downstream primer Winframe2(5'GAGTACGACATGCACCGAAATTCACCGCTCTCCGGACGATGTAGGCTGGAGC
TGCTT-3'). Sequence homology to the aac(3)IV cassette is underlined. The resultant
linear DNA cassette was recombined into cosmid C69 by lambda Red recombination,
generating plasmid pPB10, containing a deletion of almost the entire ftsW reading frame
(1358/1370 bp). Plasmid pPB10∆ was created by FLP-mediated excision of the
aac(3)IV-oriT cassette contained on plasmid pPB10, resulting in an in-frame deletion of
ftsW.
Southern blot hybridization analysis.
The ftsI deletion-insertion mutation in JBY5 was confirmed by Southern blot
hybridization analysis using chromosomal DNA digested with KpnI. Probes used for
ftsI-null mutant JBY5 were a 545-bp EcoRI fragment ('ftsL-ftsI') from pJY5 and an 840bp EcoRI-BglII fragment ('ftsI') from pJY7. As expected, the former probe hybridized to
a 3.0-kb fragment for wild-type strain M145 and a 2.1-kb fragment for the ftsI-null
mutant. The latter probe hybridized to a 3.3-kb fragment for M145 and a 4.0-kb fragment
for the ftsI-null mutant.
The ftsW deletion-insertion mutation from PFB22 and PFB24 was verified by
Southern blot hybridization analysis using DNA digested with SacI. The probe used was
a 7.5-kb BamHI fragment derived from pPB7 (described below), containing ftsW as well
as upstream genes and the 5’ end of murG. The expected co-migrating 5.1-kb and-5.2 kb
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bands were detected for wild-type strain M145. Furthermore, the expected 3.46-kb and
5.2-kb bands indicative of the ftsW mutation were only observed for PFB22 and PFB24.
Hybridization reactions were performed at 65°C using buffer that contains 5%
SDS (61). Nylon membranes (Hybond-N, Amersham) were used as solid support and
probes were non-isotopically labeled before immunological detection (DIG DNA
Labeling and Detection Kit, Boehringer Mannheim).
Confirmation of the unmarked ftsW-null mutation by PCR amplification.
The unmarked deletions in ftsW-null mutants PFB26 and PFB28 were verified by
PCR amplification of the mutated ftsW allele and flanking chromosomal region, using
wild-type strain M145 and apramycin-marked ftsW-null mutant PFB22 as controls.
Oligonucleotide primers oW170 (5’-CCGGTGACACGGTGCTGCTG-3’) and oW119
(5’-GTCTCCAGGCCGCGTTCCGTG-3’) were used to amplify the ftsW alleles using
chromosomal DNA as template.
Construction of a plasmid used for genetic complementation of the ftsW-null
mutation.
For the complementation of ftsW-null mutations, we constructed the bifunctional
replicon pPB5, derived from pJRM10. pPB5 contains a 7.4-kb BamHI S. coelicolor
DNA insert (`murE-murF-mraY-murD-ftsW-murG’). First, the 7.4-kb BamHI fragment
of cosmid C69 was inserted into pBluescript II SK(+) to create pPB7. Then the 7.4-kb
BamHI fragment from pPB7 was excised, filled in and ligated to HincII-digested
pBluescript II SK(+) to create pPB9. Finally, a 10.3-kb HindIII-SpeI fragment from
pPB9 was inserted into pJRM10 to create pPB5.
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Lambda Red recombination was used to replace the bla gene on the backbone of
cosmid C69 with a linear cassette from pIJ799 (gift from B. Gust), consisting of aac(3)IV
and oriT. The resulting cosmid C69*1 is a matable version of cosmid C69, and was also
used in the genetic complementation of the ftsW-null mutant.
All bifunctional plasmids (derived from pJRM10) used in complementation and
suppression experiments were introduced into the S. coelicolor multiple auxotroph 2709
by transformation to thiostrepton resistance and then mated from the 2709 derivative into
the desired prototrophic strains selecting thiostrepton resistance and prototrophy.
Isolated transconjugants were tested for the presence of the antibiotic resistance gene
marking the division gene mutation, except for unmarked ftsW-null strain PFB26.
Light and electron microscopy.
Methods for phase-contrast microscopy of cover slip lift slides were performed as
described by McCormick and Losick, 1996 (39). Transmission electron microscopy
samples were processed as described previously (3).
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RESULTS
Identification of ftsI and ftsW homologues in S. coelicolor.
The S. coelicolor ftsI and ftsW homologues, ftsISC (SCO2090, SC4A10.23c;
assigned SCO-DB gene number, annotated cosmid clone gene designation) and ftsWSC
(SCO2085, SC4A10.18c) are located in the major division and cell wall (dcw) cluster as
in other bacteria (Fig. 1). The ftsISC gene is predicted to encode a 654 amino acid, 69.5kDa protein with 26% of residues (152/572) identical to those of B. subtilis PBP 2B (an
FtsI homologue), 31% (177/555) identical to those of B. subtilis SpoVD (a sporulationspecific FtsI homologue) and 31% (170/545) identical to those of E. coli FtsI. As in other
prokaryotes, FtsISC is predicted to be a bitopic membrane protein, containing a short Nterminal cytoplasmic domain, a single membrane-spanning segment and a larger Cterminal domain. The ftsWSC gene is predicted to encode a 456 amino acid, 48-kDa
protein with 35% identical residues (128/351) to those of B. subtilis SpoVE (a
sporulation-specific FtsW homologue) and 31% identical residues (114/361) to those of
E. coli FtsW. As is the case in other bacteria, FtsWSC is predicted to be an integral
membrane protein, possessing ten transmembrane segments (16, 34). FtsW belongs to
the same family as RodA, a highly conserved protein that is required for lateral cell wall
formation during cell elongation. RodA functions in concert with the penicillin-binding
protein partner PBP2 (31). FtsW and FtsI have similar predicted topologies and
characteristics to their RodA and PBP2 counterparts (29). Thus, our assignments for ftsW
and ftsI are based on sequence similarity, synteny in the major division and cell wall
cluster, predicted structure and topology of the product, as well as the mutant phenotype
(see below).
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FIG. 1. The chromosomal region containing ftsI and ftsW. Shown is the division and cell wall cluster
(dcw) containing ftsISC and ftsWSC. Labeled open boxes indicate gene positions and deletion mutations are
marked by double-headed arrows. Key restriction sites used to make mutations and complementation
plasmids are shown. The area below the genetic and physical map contains horizontal bars representing the
inserts of plasmids used in the construction of deletion mutations (pJY9 and pPB10) and those used in
genetic complementation experiments (pJA88, pJA89, pPB5 and pJRM13).

ftsI and ftsW are dispensable and mutants have medium-dependent phenotypes.
Previously, we demonstrated that ftsL and divIC are dispensable for the growth
and viability of S. coelicolor, and mutations in these genes resulted in strains with
medium-dependent phenotypes. Here we describe that medium-dependent phenotypes
are also conferred by mutations in two other cell division genes, ftsI and ftsW. These
genes have been shown to encode proteins that require the prior or concurrent
localization of FtsL and DivIC in the division pathways of other bacteria (11, 18, 63).
To determine the phenotype of an ftsW-null mutant of S. coelicolor, we
constructed a plasmid containing a deletion-insertion mutation in E. coli, where a 1.3 kb
fragment encompassing almost the entire reading frame of ftsW was replaced by an
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apramycin-resistance cassette (Fig. 1). This plasmid was transformed into wild-type S.
coelicolor protoplasts, and two independently isolated strains were named PFB22 and
PFB24. Therefore, like ftsZ, ftsQ, ftsL and divIC (3, 39, 40), ftsW was not essential for
growth or viability in S. coelicolor. Because murG (located immediately downstream of
ftsW) appears to be an essential gene in S. coelicolor (P. Bidey and J. McCormick,
unpublished results), strains containing an unmarked, in-frame deletion of ftsW were also
isolated to avoid the potential effects of transcriptional polarity on downstream genes.
These PFB22-derived strains were named PFB26 and PFB28. These strains grew well,
producing colonies that were more robust than PFB22 and PFB24 on all media tested
(MM, R2YE and MS) indicating that the aac(3)IV cassette did have a polar effect on
downstream genes. Colonies of PFB26 and PFB28 produced less gray pigment than the
wild-type strain when grown on MS (Figure 2), suggesting a defect in spore formation or
maturation. Previously we have shown that ftsZ- and ftsQ-null mutants of S. coelicolor
overproduce the blue-pigmented antibiotic actinorhodin, forming colonies surrounded by
blue halos on MM. However, the ftsW-null mutant strains PFB26 and PFB28 did not
overproduce actinorhodin, resulting in colonies with little pigment in the adjacent agar
(data not shown).

93

FIG. 2. MS agar plate showing visual phenotypes of cell division mutants. MS is an agar medium that
is often used to visualize the gray pigment that is characteristic of wild-type spores. Here the ftsI and ftsW
deletion mutants from this study were grown next to other isogenic strains for comparison. All cell
division mutants shown here appeared slightly less gray than the wild-type parental strain, but considerably
more pigmented than the whiH mutant control. Incubation was for five days at 30°C.

The wild-type parental strain M145 was examined by phase-contrast microscopy
as a control. It sporulated very well, producing large numbers of normal spore chains on
both R2YE and MM (Fig. 3A and 3D, respectively). Both PFB26 and PFB28 exhibited
cell division defects during sporulation that were similar to each other, as observed by
phase-contrast microscopy (data not shown), therefore strain PFB26 was chosen for
further analysis. After six days of growth on MM containing glucose as a carbon source,
PFB26 displayed a variety of aerial filament morphologies; including smooth aerial
filaments with no visible indentations (approximately 10%), aerial filaments with
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regularly-spaced shallow constrictions where division had been blocked at an
intermediate stage (45%), and fully divided aerial filaments that metamorphosed into
mature chains of normal spores as well as chains of spores with lysed out compartments
and/or abnormally sized and shaped spores (45%) (Fig. 3E). When PFB26 was grown on
the rich medium R2YE, the division defect was greatly exacerbated, and the number of
aerial filaments observed per sample was reduced in comparison to that of the wild-type
strain and divIC-null mutant DU152 (3) that were used as controls. On the rich medium
the predominant aerial filament morphology was undifferentiated aerial hyphae (70%),
and at a lesser frequency, aerial filaments possessing shallow constrictions at regular
intervals (30%) (Fig. 3B). The constrictions appeared to be noticeably more shallow than
those observed for aerial filaments produced by the divIC-null strain. Very few mature
spore chains appeared for the ftsW-null strain, even following ten days growth on R2YE.
To determine the phenotype of an ftsI-null mutant of S. coelicolor, we introduced
a plasmid containing a deletion-insertion mutation, replacing a 1.2-kb fragment internal
to the ftsI-coding region with the aphI gene (Fig. 1), into wild-type S. coelicolor strain
M145 by protoplast transformation. We independently isolated six deletion-insertion
mutants; and JBY5 was used for further study. This result means that ftsI is dispensable
for growth and viability of S. coelicolor. JBY5 grew well and produced robust colonies
on MM, R2YE and MS media. The aerial mycelium was a paler gray relative to the wild
type on MS medium (Fig. 2), suggesting as for the ftsW mutants that there may be a
defect in spore formation or maturation. Like ftsW, divIC and ftsL mutants, ftsI-null
mutant colonies were not surrounded by blue halos when grown on MM (data not
shown).
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FIG. 3. Phase-contrast microscopy of wild-type and mutant aerial hyphae. Shown are phase-contrast
micrographs of coverslip lifts removed after 6 days growth on R2YE (A-C) or glucose MM (D-F). Panels
A and D show the characteristic phenotype of wild-type (M145) spore chains. Also shown are aerial
hyphae of ftsWSC-null mutant PFB26 (B, R2YE; E, MM) and ftsISC-null mutant JBY5 (C, R2YE; F, MM).
Mutants grown on R2YE produced aerial filaments that did not complete division and appeared to have
either extremely shallow regularly-spaced constrictions or no visible constrictions. The same mutants
grown on glucose MM produce many aerial filaments that are able to complete division resulting in long
spore chains.
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When grown on MM, the microscopic phenotype of ftsI-null strain JBY5 was
indistinguishable from that of the ftsW-null strain PFB26, displaying fully separated
chains of spores (approximately 45%, a mixture of normal and aberrant) as well as aerial
filaments with regularly-spaced, shallow constrictions (45%) and those completely
devoid of constrictions (10%) (Fig. 3F). However, on the rich medium R2YE, the
predominant aerial filament morphologies were noticeably different for ftsI-null mutant
JBY5 as compared to the ftsW-null strain. The JBY5 microscopic phenotype was
characterized by short, cane-shaped aerial filaments, possessing very shallow, regularly
spaced constrictions at an approximately 30% frequency (Fig. 3C). These aerial
filaments were much shorter than those observed for the divIC-null strain and possessed
constrictions that appeared to be more shallow. Additionally, ftsI-null aerial filaments
were present in significantly lower numbers than those observed in divIC mutant
samples.
Genetic complementation experiments.
Complementation experiments were performed to ensure that the cell division
defects observed for the ftsISC-null mutant (JBY5) and ftsWSC-null mutant (PFB26) were
imparted by the introduced deletion-insertion mutation for ftsI and an in-frame deletion
for ftsW. As expected, plasmid pJA88, containing Pdcw-yllC-ftsLSC resulted in no
complementation for ftsI-null mutant JBY5 (Fig. 4A). However, pJA89, containing PdcwyllC-ftsL-ftsISC, partially restored sporulation to JBY5, indicating that it is unlikely that
the phenotype is due to an unlinked mutation (Fig. 4B). Because pJA89 did not fully
complement the ftsI-null mutation it is possible that there is a partial polar effect of the
ftsI deletion and/or the aphI insertion on downstream genes. Alternatively, a scenario
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that we favor is that additional sequences downstream of ftsI are required for message
stability. Since our previously described ftsL-null mutant is also not fully complemented
in the absence of additional downstream sequence (3), it is likely that the mRNA from the
early portion of the dcw cluster is not very stable when the natural contiguous
downstream coding regions are not present.
As anticipated, C69*1 (a matable version of cosmid C69), which contains the
entire dcw operon and flanking regions, was able to completely complement the division
defect imparted by the ftsW-null mutation. In contrast to PFB26 grown on R2YE, which
rarely ever produces spore chains (Fig. 4C), the same strain complemented with C69*1
and grown on R2YE produces chains of spores at a level similar to that of the wild type
(Fig. 4D). We then attempted to complement ftsW-null strain PFB26 with plasmids
containing smaller DNA inserts. Plasmids pPB5 (‘murE-murF-mraY-murD-ftsW-murG’)
and pJRM13 (‘murD-ftsW-murG-ftsQ) were both unsuccessful in complementing the
PFB26 cell division defect (data not shown). However, the simplest interpretation is that
the phenotype resulted from the loss of ftsW. It is most likely that promoters upstream of
the dcw cluster, not included on plasmids pPB5 or pJRM13, are necessary for the
efficient expression of ftsW even though several promoters internal to the operon are
predicted to exist.
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FIG. 4. Phase-contrast microscopy of aerial hyphae of ftsI- and ftsW -null mutants in genetic
complementation experiments. Shown are phase-contrast micrographs demonstrating the division
phenotypes of representative aerial hyphae of strains following 6 days growth on R2YE. Similar to the ftsInull mutant JBY5 with no plasmid, the same strain containing plasmid pJA88 (yllC-ftsL) produces low
numbers of aerial filaments that are mainly short and cane-shaped with or without shallow regularly spaced
constrictions (A). pJA89 (yllC-ftsL-ftsI) partially complements the ftsI-null mutation (B), resulting in the
production of more aerial filaments, some of which completed division to form chains of spores (shown in
inset of panel B). The ftsW-null mutant (PFB26) produces aerial filaments with or without shallow,
regularly spaced constrictions that do not complete division (C). Panel D shows the full complementation
of PFB26 achieved with cosmid C69, which contains the complete dcw cluster and flanking sequence.

Septal morphologies of ftsI- and ftsW-null mutants.
Using phase-contrast microscopy, we determined that ftsI and ftsW mutants were
capable of producing aerial filaments with regularly-spaced, shallow constrictions,
indicating that the majority of the septa remained incomplete. To examine whether or not
the septa in these filaments were capable of finishing division, we subjected the mutant
strains to transmission electron microscopy. We analyzed strains grown on R2YE, the
medium where the division defect was most severe.
For wild-type strain M145, nearly all crosswalls observed in vegetative filaments
appeared normal and fully formed (Fig. 5A). Approximately half of all vegetative
crosswalls examined in ftsI mutant JBY5 and ftsW mutant PFB26 also appeared normal
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and fully formed (Fig. 5B and 5C, respectively), but the other half of the time, the
crosswalls were aberrant in some way (Fig. 5D-G). Many of the defective crosswalls
were characterized by the presence of cell wall material on both sides of the division site
that had not met in the middle (Fig. 5F-G). Often the crosswalls that had been completed
were wavy and/or thickened. (Fig. 5D-E).

FIG. 5. Transmission electron micrographs showing vegetative cross-walls in wild-type and division
mutant filaments. All strains were grown for 6 days on R2YE, the medium showing the largest defect in
division, and prepared for TEM examination. Panel A shows a normal vegetative cross-wall of the wildtype strain M145. Panels B and C show normal vegetative cross-walls for mutants deleted for ftsI (JBY5)
and ftsW (PFB26), respectively. Although the ftsI and ftsW mutants produce morphologically normal
cross-walls approximately half of the time, the other half of the crosswalls are formed aberrantly as shown
in panels D and F for ftsI-null mutant JBY5 and panels E and G for ftsW-null mutant PFB26.

Unexpectedly, no sporulation septa could be definitively identified by electron
microscopy for either the ftsI or ftsW mutant despite repeated attempts with independent
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preparations. This is in contrast to our previously described ftsL and divIC mutants,
where sporulation septa, although incomplete and/or defective, were readily observed
using transmission electron microscopy. One likely reason for this difference is that for
the ftsI and ftsW mutants, the number of aerial filaments observed by phase-contrast
microscopy was greatly reduced in comparison to the wild type, and the ftsL- and divICnull mutant strains. Thus, the sporadic population of aerial filaments that was readily
discernable by phase-contrast microscopy may have been too infrequent to be readily
observed in electron microscopy thin sections. This is a likely scenario considering that
the majority of aerial filaments produced by the wild type are not viewable by electron
microscopy because they are not positioned properly in the plane of the thin section. It
was also evident using phase-contrast microscopy that ftsW and ftsI mutants produced
many aerial hyphae that completely lacked the shallow constrictions seen in virtually all
of the aerial filaments produced by ftsL and divIC mutants.
Osmolarity affects the division phenotypes of ftsI- and ftsW-null mutants.
Previously we reported that ftsL- and divIC-null mutants of S. coelicolor
displayed medium-dependent phenotypes similar to those observed for the ftsI- and ftsWnull mutants from this study. It was determined for the ftsL and divIC mutants that
division phenotypes were most severe on R2YE (a conventional rich medium), and that
one parameter affecting the severity of the division defect was osmolarity. To determine
if the same parameter affects the division phenotypes of the ftsI and ftsW mutants on
different media, we omitted the osmolite sucrose from R2YE (normally present at 0.3 M).
We found that ftsI- and ftsW-null mutants grown on R2YE without sucrose closely
mimicked the phenotypes of the same strains grown on minimal glucose medium (Fig. 6).
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Both mutants produced an array of aerial filament morphologies on both minimal glucose
and R2YE without sucrose, including mature spore chains. Because sucrose is not
utilized as a carbon source by S. coelicolor (27), we infer that osmolarity was the
parameter affecting the severity of the division defect on different types of media as it
was for the ftsL and divIC mutants that we reported previously.

FIG. 6. Phase-contrast microscopy of ftsI-null and ftsW-null mutants showing the effects of omitting
sucrose from R2YE medium on aerial hyphal morphology. Shown are representative aerial hyphae
produced by the wild-type and mutant strains when grown for 6 days on standard R2YE (A-C) or R2YE
prepared without sucrose (D-F). The wild-type strain (M145) produces aerial hyphae that metamorphose
into chains of spores when grown on both types of media (A and D). Primarily the ftsW-null (PFB26) and
ftsI-null (JBY5) mutants produce aerial filaments with or without extremely shallow constrictions on
standard R2YE (B and C, respectively). These same mutants are able to complete division when grown on
R2YE prepared without sucrose (E and F, respectively).
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The effect of an additional copy of ftsZ or ftsQ on division mutant phenotypes.
It has been demonstrated in other bacteria that an increase in the levels of FtsZ
and FtsQ can compensate for the loss of other cell division proteins (15). We examined
whether the partial constrictions observed in aerial hyphae produced by S. coelicolor ftsL,
divIC, ftsI and ftsW mutants grown on a rich medium might be encouraged to completion
by increased levels of FtsZ and FtsQ. For this purpose, we used two autonomously
replicating plasmids; pJRM12 that contains ftsZ only and pJRM9 that contains both ftsZ
and ftsQ. Both plasmids were able to fully complement the ftsZ-null mutation of HU133
(data not shown) (39, 40). These plasmids were independently introduced into the ftsL-,
divIC-, ftsI-, and ftsW-null mutants, resulting in strains possessing one to two additional
copies of ftsZ, or ftsZ and ftsQ. Upon phase-contrast analysis of these strains, no
suppression of the cell division defect was observed for any of the strains containing
pJRM9 or pJRM12 (data not shown). Thus, an additional one to two copies of ftsZ or
ftsQ is not sufficient to provide compensation for the loss of cell division genes ftsL,
divIC, ftsI or ftsW.
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DISCUSSION
Here we described the characterization of the cell division genes ftsI and ftsW
from the Gram-positive, filamentous bacterium S. coelicolor. Both ftsI and ftsW are
essential genes in the rod-shaped, unicellular bacteria E. coli and B. subtilis, but we show
in this study that ftsI and ftsW are not required for colony formation in S. coelicolor. This
data, in conjunction with our previous studies of ftsZ, ftsQ, ftsL, and divIC (ftsB),
reinforces the non-essential nature of cell division in this mycelial organism. However,
cell division genes, including ftsI and ftsW, are required for the efficient conversion of
aerial filaments into chains of spores. Like ftsL and divIC mutants, ftsI and ftsW mutants
displayed medium-dependent phenotypes, where the division defect was more severe
when the strains were grown on a rich medium than when grown on a minimal medium.
Removal of sucrose from our standard rich medium resulted in phenotypes for the ftsI
and ftsW mutants that mimicked that of strains grown on a minimal medium, a
phenomenon we have previously described for ftsL and divIC mutants (3). Thus, we
attribute the medium-dependent phenotypes of all four mutants to differences in
osmolarity since sucrose is not a carbon source for S. coelicolor.
By analogy to the known division pathways of other prokaryotes, S. coelicolor
FtsW and FtsI are most likely late recruits to the division site that depend upon the prior
localization of FtsZ, FtsQ, FtsL and DivIC. Combining the results obtained from this
study with previous studies, it appears that proteins recruited late in the division pathway
of S. coelicolor are not absolutely required for cell division on minimal glucose.
Furthermore, there seems to be a connection between the severity of the division block
and the presence of a blue-halo phenotype on glucose MM. Both ftsZ- and ftsQ-null
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mutant colonies are surrounded by blue halos caused by the overproduction of the bluepigmented antibiotic actinorhodin, and display strong division defects. However, strains
deleted for cell division genes ftsL, divIC, ftsW, and ftsI do not produce blue halos and
have less severe defects when grown on MM.
Previously we have suggested that the loss of divIC or ftsL may result in mutants
that display cell division defects because FtsW and FtsI are not able to localize to the
division site. Although, ftsI and ftsW mutant phenotypes were indistinguishable from that
of ftsL and divIC mutants grown on minimal media, their phenotypes differed in four
respects in comparison to ftsL and divIC mutants when the strains were grown on a rich
medium. (i) Aerial filaments were produced at a much lower frequency by ftsW and ftsI
mutants than by the previously described ftsL and divIC mutants. (ii) Nevertheless, ftsI
and ftsW mutants grown on a rich medium were able to produce aerial hyphae, a minority
of which possessed regularly spaced constrictions. These constrictions were noticeably
more shallow than those produced by ftsL and divIC mutants grown on the same medium.
(iii) Also, ftsL and divIC mutants grown on a rich medium produced many coiled aerial
filaments, especially two to three days after inoculation, while coiled aerial filaments
were rarely observed for the ftsW mutant and not observed for the ftsI mutant. As a
normal part of development, coiling of aerial filaments occurs prior to the completion of
septation, and a crosswall at the base of aerial filaments may be required for the
development leading to spore formation. Therefore, the presence of non-coiled aerial
filaments without constrictions and those with barely noticeable constrictions as the
predominant aerial filament morphologies for ftsW and ftsI mutants may suggest a
reduced ability of the ftsW and ftsI mutants to form the basal crosswalls that presumably
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establish compartment-specific gene expression for the differentiation of aerial hyphae.
Alternatively, FtsW and FtsI may act at an earlier stage of septation than FtsL and DivIC,
even if they are recruited to the division site after FtsL and DivIC. If they are indeed
blocked at an earlier stage of septation, FtsW and FtsI must not absolutely require the
prior localization of FtsL and DivIC for their role at the division site. (iv) Finally, ftsI
mutants produced aerial filaments that were much shorter than those produced by ftsL,
divIC or ftsW mutants. These short filaments tended to possess a curve at one end,
resulting in a “cane-shaped” filament, but it is unclear why these filaments are short and
cane-shaped. We speculate that FtsI may also be involved in peptidoglycan biosynthesis
during the elongation of aerial hyphae of S. coelicolor, and the loss of this protein results
in the shortened filaments produced by the mutant.
Mutants deleted for ftsW or ftsI produce many aerial filaments that undergo
division to produce long chains of spores when grown on minimal media, and are capable
of producing normal vegetative crosswalls (approximately half of the time) when grown
on a rich medium. Therefore another penicillin-binding protein must compensate for the
peptidoglycan transpeptidase activity of FtsI, or normally be involved in the cell division
process of this organism. At least 17 genes encoding known or putative PBPs are
annotated in the S. coelicolor genome sequence. It is likely that one or more of these
other PBPs normally play a role in septation. In support of this, penicillin-binding
proteins and murein hydrolases have been copurified with FtsI in E. coli (53, 62), and
many PBPs have been shown to localize to the division site in addition to the periphery of
the cell in B. subtilis (58). Recently PBP1B of E. coli has been shown to interact with
FtsI at the division site (7). Most bacteria possess two SEDS-Class B PBP protein pairs;
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one pair that functions in cell shape and elongation (RodA-PBP2) and the other that
functions in division (FtsW-FtsI) (37). In addition to these, B. subtilis also has a
sporulation-specific pair (SpoVD-SpoVE) and S. coelicolor has a total of four protein
pairs. Thus, in S. coelicolor, one or more of these other protein pairs may be, at least in
part, functionally redundant to FtsW-FtsI. It is likely that these other proteins are also
normally involved in the addition of lateral cell wall material in growing hyphae, but it is
unclear whether the proteins are recruited to the division site using the same pathway as
FtsW and FtsI during septation.
Two functions have been proposed for FtsW, indicating activity of the protein
both early and late in the cell division process: the stabilization of FtsZ-rings and the
recruitment of its cognate transpeptidase FtsI. The requirement of FtsW localization for
FtsI recruitment and the formation of an ftsW-ftsI subcomplex have been clearly
demonstrated in E. coli (18, 41). Furthermore, FtsW localization is dependent upon FtsZ,
FtsA, FtsQ, FtsL, and DivIC (FtsB) making E. coli FtsW a late recruit to the division site
and unnecessary for the formation of Z-rings, although it may aid in the stabilization of
the septal ring complex at a later stage of septation. Recent publications described the
ability of Mycobacterium tuberculosis and M. smegmatis FtsW and FtsZ to interact via
the oppositely charged residues in their C-terminal tails (12, 49). In these mycobacterial
species, no discernable homologue of FtsA or ZipA exists, proteins that are implicated in
the stabilization of Z-rings and the anchoring of Z-rings to the cytoplasmic membrane.
Additionally it has been suggested that FtsA may serve to coordinate septation with
peptidoglycan biosynthesis. Because of the ability of Mycobacterium FtsW to interact
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with FtsZ, the same functions attributed to FtsA and ZipA have been suggested for FtsW
in prokaryotes lacking FtsA and ZipA homologues.
We do not know if FtsW is an interacting partner of FtsZ in S. coelicolor.
Streptomyces and Mycobacterium both belong to the branch of high G+C gram-positive
bacteria referred to as actinomycetes. Like species of Mycobacterium, S. coelicolor does
not possess identifiable zipA or ftsA homologues. The ability of S. coelicolor ftsW-null
mutants to initiate division when grown on a rich medium and finish division on a
minimal medium, revealed that FtsW is not necessary for S. coelicolor FtsZ
polymerization or the stabilization of FtsZ polymers, at least not initially. It is possible
that it is normally involved in the coordination of septum formation and peptidoglycan
biosynthesis, but it is functionally redundant or not absolutely required in this organism.
In contrast to ftsW-null mutants of S. coelicolor, ftsZ-null mutants are completely blocked
for division on all types of media. Therefore, if FtsW is an interacting partner with FtsZ
in S. coelicolor, it is not absolutely required for FtsZ function during division, as it
appears to be for Mycobacterium.
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CHAPTER 4
Identification of a novel developmental gene using a
high efficiency in vivo transposon system in
Streptomyces coelicolor

114

ABSTRACT
We have developed a high efficiency, Tn5-based in vivo transposon system for
the random insertional mutagenesis of Streptomyces coelicolor. This method allows for
large scale screening of insertion mutants to identify novel genes involved in a variety of
cellular processes. Using this system, we have isolated insertion mutants with interesting
developmental phenotypes. Gene cloning was facilitated by the availability of the
genome sequence and an overlapping cosmid library, representing the entire S. coelicolor
chromosome. We have identified mutants with transposon insertions in several known
developmental genes, and we report the partial characterization of a mutant with an
interesting developmental phenotype that possesses a transposon insertion in a gene of
previously unknown function. This mutant displayed a spore shape defect that was
complemented by a plasmid containing the wild-type allele of the disrupted gene. Thus,
the described system provides a rapid approach for the identification of novel genes in S.
coelicolor.
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INTRODUCTION
Streptomyces coelicolor is a Gram-positive, filamentous soil bacterium that
displays a complex pattern of morphological differentiation (10). S. coelicolor begins its
lifecycle by producing vegetative filaments that penetrate the substrate surface and rarely
divide. As the colony matures, a fuzzy white aerial mycelium grows above the colony
surface. Aerial filaments then undergo division and differentiate to produce long chains
of grey-pigmented, uninucleoid spores. S. coelicolor is the most genetically wellcharacterized of the pharmacologically important streptomycetes, and therefore, is an
amenable system for the study of developmental processes, such as aerial mycelium
formation, sporulation, cell division, and secondary metabolite biosynthesis.
The availability of an efficient transposon system is a tremendous advantage for
the study of a particular organism. The ability of some transposons to insert themselves
almost indiscriminately into host DNA offers a wide variety of possibilities for
manipulations that allow for studies in genomics and proteomics [reviewed in (21)].
Prior to the availability of transposon mutagenesis systems, strategies for isolating new
mutations focused primarily on chemical mutagenesis, followed by labor-intensive
cloning methods. Elements such as Tn5, Tn10 and mariner are ideal for the random
insertional mutagenesis of genomes (9, 18, 31). Systems based on these elements allow
for the rapid identification of novel genes because the tranposon itself can be used as a
priming site for PCR and DNA sequencing to quickly clone and identify the DNA
surrounding the insertion site. Transposons can also be modified to produce random
transcriptional and translational fusions when a reporter gene, such as lacZ, phoA or gfp,
is introduced into the construct (34, 40, 55, 57). Short sequences or tags can also be
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introduced by transposon mutagenesis by excision of almost the entire transposon
sequence (22, 35).
Despite several recent technological advances in Streptomyces research, an
efficient in vivo transposon system has remained unavailable for the large-scale, random
mutagenesis of the genome (26). Several in vivo mutagenesis systems have been
developed for use in Streptomyces, but with minimal success (13, 23, 39, 51-53, 56).
Therefore, the identification of novel genes has primarily been performed using chemical
mutagenesis followed by genetic mapping experiments and complementation (11, 48).
Often the precise locations of the mutations generated in these experiments have never
been identified because of the lack of effective fine mapping tools, such as an efficient
generalized transducing phage (28). Furthermore, relatively few morphological genes
have been identified, and mutations in these genes are underrepresented in mutagenic
screens (11, 48).
Recently, in vitro transposon systems have been published that effectively
introduce random insertions into cloned DNA libraries. Gehring et. al. (17) successfully
designed in vitro systems using Tn5 and Mariner transposons for the purpose of
randomly mutagenizing the S. coelicolor genome and Herron et. al. (24) used a Tn5based system to systematically mutagenize the entire S. coelicolor cosmid library.
However, these methods are less than ideal for the identification of novel genes in largescale screens because they rely on the transformation of mutagenized DNA clones into
the cell and double homologous recombination of the insertion into the chromosome.
The majority of transformants are merodiploid strains, possessing the integrated plasmid
or cosmid, instead of possessing the insertion-mutated allele in place of the wild-type
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gene. Furthermore, only a fraction of these insertion mutants display phenotypes that are
caused by the transposon. Many of the transformants contain another mutation elsewhere
on the chromosome. Thus, in vitro transposition methods are both time-consuming and
laborious for the identification of novel genes in S. coelicolor. An attractive alternative
to these methods is the utilization of an in vivo transposon system.
Here we report a high efficiency in vivo transposon system designed for the
genome-wide, random insertional mutagenesis of S. coelicolor. The mini-transposon is
derived from Tn5 of E. coli, and possesses the characteristics of an efficient transposon
mutagenesis system including; a high frequency of transposition, the stable, random
insertion of the transposon into the target DNA molecule, and the ability of the
transposon to insert itself only once (5). This should prove to be an invaluable tool for
the field of Streptomyces research, since an effective in vivo transposable element has
previously been unavailable for this group of industrial and pharmaceutical importance.
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MATERIALS AND METHODS
Bacterial strains, plasmids and media.
The prototrophic, SCP1- SCP2- S. coelicolor A3(2) strain MT1110 was used in
most transposon mutagenesis experiments (4, 28). The prototrophic S. lividans strain
TK24 (str-6 SLP2- SLP3-) was also used in transposon mutagenesis experiments. DU234
is a derivative of MT1110, and contains a transposon insertion in gene SCO5181.
Standard procedures for protoplast preparation and transformation were used (28).
Double-stranded chromosomal DNA was alkaline-denatured before transformation of S.
coelicolor protoplasts to stimulate homologous recombination (42). Streptomyces strains
were grown at 30°C. YEME (liquid), R2YE (agar), MS (agar) and minimal medium MM
(agar) for growth of S. coelicolor were as described previously (28, 38). Glucose was
added to 0.5% (w/v) in MM. Final concentrations of antibiotics used for Streptomyces
were apramycin at 25 µg ml-1, and neomycin at 10 µg ml-1 in R2YE and MS.
E. coli strain TG1 was used for standard plasmid manipulation (49), and E. coli
SURE was used for cosmid propagation (Stratagene). To bypass the methyl-specific
restriction system of S. coelicolor, the dam- dcm- E. coli strains ER2-1 (3) and ET12567
(32) were used for preparation of unmodified plasmid DNA and cosmid DNA,
respectively. ET12567, containing the non-transmissable, mobilizing plasmid pUZ8002
(43), was the donor strain for conjugal transfer of plasmids from E. coli to S. coelicolor.
E. coli BW25113 containing λRED plasmid pIJ790 (19, 20) was used for PCR-targeting
for S. coelicolor mutagenesis. E. coli strains were propagated in Luria-Bertani medium.
Antibiotic concentrations used for E. coli were ampicillin at 100 µg ml-1 and apramycin
at 100 µg ml-1.
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pIJ8668 (54) was used as the vector for transposon delivery because it already
contained terminators and an efficient ribosome binding site for protein production in S.
coelicolor and egfp could be easily replaced by the gene that encodes Tn5 transposase.
PCR products were cloned into pCR2.1 (Invitrogen). pAH137 (A. Hausler) was the
source of aphI. pRK20 contains a PCR-amplified 520-bp insert from 451 nucleotides
upstream to 67 nucleotides downstream of the translation start codon of yllC (SCO2092),
the first gene in the division and cell wall cluster (dcw) of S. coelicolor (R. Kuennen and
JRM, unpublished). This fragment appears to contain a promoter for dcw (Pdcw) because
it was shown to be active in Enhanced Green Fluorescent Protein (EGFP) promoter probe
analysis (JAB and JRM, unpublished) using integrating vectors pIJ8660 and pIJ8668
(54). pRZPET2 (18) was the source of a hyperactive version of the Tn5 transposase
gene. pMOD<MCS> (Epicentre Technologies) was the source of the optimized outside
ends recognized by Tn5 transposase. pHP45Ω was the source for aadA (44) and pIJ922
was the source for the SCP2* minimal replicon (28, 33). pIJ2156 was used in the genetic
complementation of transposon insertion mutations in SCO5218 and SCO5320 of the
whiE locus (14). Bifunctional replicon pJRM12 (37) was used for the genetic
complementation of an ftsZ mutation. Cosmid 3B6 was the source of the novel
developmental gene SCO5181 and surrounding sequence described below (45). Plasmid
pNEB193 (New England Biolabs) was used as a standard cloning vector. Plasmid
pSET152, which integrates at the chromosomal φC31 attachment site of S. coelicolor,
was used in genetic complementation experiments for the SCO5181 insertion mutant (6).
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DNA Techniques
DNA restriction and modifying enzymes were used according to the
manufacturer's recommendations. Large quantities of chromosomal DNA were prepared
according to Kieser et. al (28) and smaller preparations were obtained using the Wizard
Genomic DNA Purification Kit (Promega). Plasmid DNA was prepared from E. coli
using the QIAprep Spin Kit (Qiagen). The QIAquick Gel Extraction Kit was used to
purify DNA fragments fractionated by agarose gel electrophoresis. The Thermo
Sequenase Big Dye-Terminator cycle sequencing kit (ABI) was used for all sequencing
reactions, and an ABI Prism 310 Genetic Analyzer was employed for the analysis of
sequencing reactions.
Construction of a plasmid for transposon delivery
We constructed transposon delivery plasmid pJA77 in E. coli, using pIJ8668 as
the vector backbone. Plasmid pJA77 contains a hyperactive version of Tn5 transposase
under the control of the division and cell wall cluster promoter (Pdcw) from S. coelicolor.
It also contains a mini-transposon cassette consisting of the aphI gene (conferring
neomycin resistance in S. coelicolor) flanked by the optimized outside ends recognized
by the Tn5 transposase. pJA77 is a suicide plasmid in S. coelicolor because it contains an
origin of replication for E. coli, but cannot replicate in S. coelicolor. There is an oriT site
for the conjugal transfer from E. coli to Streptomyces.
The details describing the construction of pJA77 follow. A 1092-bp EcoRIHindIII fragment containing aphI from pAH137 was inserted into pMOD<MCS> to
create pHW4 (Wildschutte, M.S. Thesis). pHW4 was then digested with HindIII, filled
in and re-ligated to create pJA69. Codons two through seven of the gene encoding the
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Tn5 transposase (underlined) were altered to reflect the high G+C content of S. coelicolor
by mutagenic PCR amplification of the gene, using pRZPET2 as template with primers
Tn5-2 (5’-CATATGATCACCTCCGCCCTGCACCGTGCGGCCGACTG-3’) and
Tn5Rev (5’-TCAGATCTTGATCCCCTG-3’), and cloned into pCR2.1 to create pJA68.
A 520-bp XbaI-EcoRV fragment from pRK20, containing Pdcw, was added to pIJ8668 to
create pJA51. A 1440-bp EcoRI (filled in)-NdeI fragment from pJA68, containing the
codon-altered version of the Tn5 hyperactive transposase gene, was inserted into pJA51
digested with NotI (filled in) and NdeI to create pJA73. Finally, pJA77 was constructed
by inserting a 1156-bp PvuII fragment, containing the aphI mini-transposon cassette,
from pJA69 into the EcoRV site of pJA73 (aphI was inserted in the opposite orientation
of the gene for Tn5 transposase).
Construction of the transposon delivery vector containing the minimal origin of
SCP2*
Although transposon delivery plasmid pJA77 is derived from the conjugative
vector pIJ8668, few colonies were obtained when pJA77 was mated from E. coli
ET12567/pUZ8002. Therefore, we added a 650-bp fragment containing the SCP2*
minimal replicon to determine whether the addition of an origin for second strand
synthesis, to provide a double-stranded DNA donor molecule and ensure transcription of
the transposase, would have an effect on the number of transconjugants. pDUQ1 and
pDUQ2 are the same as pJA77, except that aac(3)IV was replaced by aadA and the
SCP2* minimal origin of replication. The two plasmids differ by the orientation of the
SCP2* origin. The details for pDUQ1 and pDUQ2 construction follow. The 650-bp
SCP2* minimal replicon was PCR amplified with primers 21SCP2Fwd (5’-

122

GGGGGAATCGACCTCAGCCAC-3’) and 20SCP2Rev (5’-GTTCGGCCCGCGCTTCCTCG-3’), using pJA91 as template and cloned in pCR2.1 to create pKP1. The aadA
gene was PCR amplified as a 1169-bp fragment with primers Spc21Fwd (5’-GTGACGCACACCGTGGAAACG-3’) and Spc21Rev (5’-TGTGCTTAGTGCATCTAACGC-3’),
using pHP45Ω as template and cloned in pCR2.1 to make pKP2. The SCP2* minimal
replicon was PCR amplified in one orientation with primers: 1SCP46spc (5’-TTCTGTGGCTGAGGTCGATTCCCCCTGTGCTTAGTGCATCTAACGC-3’) and 1SCP60Apra
(5’-CGGTGAGTTCAGGCTTTTTCATATCTCATTGCCCCCGGACGTTCGGCCCGCGCTTCCTCG-3’) and the opposite orientation with primers: 2SCP46Spc (5’- GCCGACGAGGAAGCGCGGGCCGAACTGTGCTTAGTGCATCTAACGC-3’) and
2SCP61Apra (5’- CGGTGAGTTCAGGCTTTTTCATATCTCATTGCCCCCGGACGGGGGAATCGACCTCAGCCAC-3’), using pKP1 as template. Finally the mutagenic
cassette, containing aadA and the SCP1 ori, were PCR amplified using primers:
24SpcOriFwd (5’- TTGGTCATGAGATTATCAAAAAGG-3’) and 25SpcOriRev (5’CGGTGAGTTCAGGCTTTTTCATATC-3’). Each linear PCR product was then
recombined into pJA77 in E. coli, replacing aac(3)IV by lambda Red recombination, to
create DUQ1 (containing SCP2* in the same orientation as aadA) and pDUQ2
(containing SCP2* in the opposite orientation).
Insertional mutagenesis.
The non-replicating transposon construct pJA77 was introduced into wild-type S.
coelicolor strain MT1110 by protoplast transformation. Transposon insertion mutants
were isolated by selecting neomycin resistance then screening for sensitivity to the drug
resistance marker on the vector backbone (apramycin). Linkage of the transposon
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insertion to the mutant phenotype was established by introduction of the mutant
chromosome into the wild-type strain by protoplast transformation to verify that the
phenotypes of the transformants were identical to that of the original mutants.
Southern blot hybridization analysis.
The random insertion of the transposon into the S. coelicolor chromosome was
initially verified by Southern blot hybridization analysis using chromosomal DNA
digested with XhoI. The 1156-bp PvuII fragment (containing aphI) from pJA69 was used
as a probe. The probe hybridized to single chromosomal fragments of varying sizes for
the seven independent insertion mutants. As expected, no band was observed in the lane
containing digested chromosomal DNA prepared from wild-type MT1110. Hybridization
reactions were performed at 65ºC using buffer that contains 5% SDS. Nylon membranes
(Hybond-N, Amersham) were used as solid support and probes were non-isotopically
labeled before immunological detection (DIG DNA Labeling and Detection Kit,
Boehringer Mannheim).
Identification of transposon insertion sites.
Transposon insertion sites were determined by inverse PCR amplification
followed by DNA sequencing using the protocol that follows. The chromosomal DNA of
insertion mutants were digested to completion with Sau3AI, generating short linear DNA
fragments that were subsequently ligated into circular molecules. Inverse PCR
amplification was performed using primers Tn5InvF2 (5’-AGGAGACTCGGGCGCCTTCGTCTACCAG-3’) and Tn5InvR3 (5’-CATCATGGCAGAGGCGGAGACGCCGTTC-3’) that anneal divergently to opposite strands of the known sequence at one end
of the mini-transposon cassette. Inverse PCR products were then sequenced using nested
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primer Tn5InvSeq4 (5’–GTAGGGGTTTCGGACATTCTGTG–3’) to reveal the precise
transposon-chromosome junction. The program BLASTn (1) was used to identify the
ORF containing the transposon insertion. Gene and predicted protein product sequences
were obtained from the Streptomyces coelicolor genome database (ScoDB,
http://streptomyces.org.uk/cgibin/sco/dc2.pl?width=900&start=4313753&end=4353753).
Construction of plasmids used for the genetic complementation of an insertion
mutation in a novel developmental gene.
For the genetic complementation of the SCO5181::aphI mutation contained in
strain DU234, we constructed plasmids derived from pSET152 in E. coli that integrate
into the chromosomal φC31 attB site of S. coelicolor. The SCO5181 and SCO5182
complete ORFs, in conjunction with flanking sequences, were excised as a 6.4-kb Acc65I
restriction fragment from cosmid 3B6 and inserted into pNEB193 to create pJA112. The
entire insert was then removed from pJA112 as an EcoRI-BamHI fragment and inserted
into pSET152 to create pJA114. To obtain a plasmid containing SCO5181 as the only
complete ORF, pJA112 was digested with BspEI and religated to create pJA113,
resulting in an 804-bp deletion of the DNA insert (including a 389-bp deletion of the 551bp SCO5182 ORF). This smaller 5.6-kb DNA insert was excised as an EcoRI-BamHI
fragment and inserted into pSET152 to create pJA115, a plasmid containing SCO5181 as
the only ORF.
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Light and electron microscopy.
Methods for phase-contrast microscopy of impression slides were performed as
described by McCormick and Losick (37). Transmission electron microscopy samples
were processed as described previously (2).
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RESULTS
Analysis of transposition efficiency.
We have designed a Tn5-based mini-transposon construct (pJA77) for the in vivo
insertional mutagenesis of S. coelicolor (Fig. 1A). For this system we altered codons two
through seven of a gene encoding a hyperactive version of Tn5 transposase (18) to reflect
the high G+C content of Streptomyces. This gene was placed under the control of the
division and cell wall cluster promoter (Pdcw) from S. coelicolor. The mini-transposon
consists of the aphI gene (conferring neomycin resistance in S. coelicolor) flanked by the
optimized outside ends recognized by the Tn5 transposase. The construct was built on a
vector that cannot replicate in S. coelicolor (a suicide vector), therefore, the transposase is
lost along with the vector backbone, allowing for the single, stable insertion of the minitransposon into the S. coelicolor chromosome.
Our Tn5-derived mini-transposon construct was introduced into wild-type strain
MT1110 by protoplast transformation. Upon analysis of transposition with two
micrograms of DNA, we determined that approximately 800 insertion mutants were
obtained per 106 protoplasts (the typical number of viable protoplasts used in a single
transformation reaction). Usually three transformation reactions were performed using
protoplasts prepared from a single 30-ml culture of S. coelicolor, resulting in over 2400
mutants possessing transposon insertions. Ninety-nine percent of primary transformants
were neomycin resistant (mini-transposon marker) and apramycin sensitive (marker on
vector backbone), the remaining one percent presumably contained the entire plasmid
integrated into the chromosome by single homologous (Campbell-like) recombination
between the dcw cluster promoters. This result was considerably higher than that of the
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most efficient published in vivo transposon systems for Streptomyces. These systems rely
on unstable replicons rather than suicide vectors, therefore, the progeny with transposon
insertions, even after multiple rounds of propagation to allow plasmid curing, were only
between one and three percent (13, 28, 56). Also in vitro systems that must rely upon
double homologous recombination between plasmids of a transposon insertion library
and the host chromosome only result in about five percent of primary transformants with
an insertion. The remaining 95% of transformants arise from single homologous
recombination and must be propagated to allow for marker replacement. Therefore the
system described here resulted in an efficiency that was much higher than that for all
other published transposon systems for the insertional mutagenesis of Streptomyces [e.g.
(13, 17, 23, 24, 28, 56)].
We adjusted the quantity of pJA77 DNA used in experiments to either four or
twenty micrograms (two or ten times the initial amount), and found that there was no
increase in transformation and transposition efficiency. The random insertion of the
mini-transposon was then confirmed by Southern blot analysis of seven mutants (data not
shown). Furthermore, a frequency of one to two percent auxotrophic mutants was
obtained, a frequency that is comparable to that of other efficient systems for the random
mutagenesis of prokaryotes (28). Additionally, the transposon delivery vector was
transformed into the protoplasts of S. lividans strain TK24, and over 1000 primary
transformants were obtained per transformation reaction. As for S. coelicolor,
approximately 99% of S. lividans primary transformants were neomycin resistant and
apramycin sensitive, indicating that they each contained a transposon insertion.
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(a)

(b)

FIG. 1. Transposon delivery constructs. Shown are the transposon delivery vectors described in this
study. (a) pJA77 is a suicide delivery vector, and (b) pDUQ1 is the same as pJA77 except that it contains
the SCP1* minimal origin and aadA in place of aac(3)IV. The mini-transposon cassette consists of aphI
(green box) flanked by the optimized outside ends (yellow triangles) recognized by the hyperactive Tn5
transposase. The gene encoding the hyperactive transposase (tnp) is shown in red, the promoter is shown
as a black arrow and oriT is shown in blue.

The known sequence of the antibiotic-resistance marker of the transposon was
used to identify sites of transposon insertions by performing inverse PCR, followed by
DNA sequencing. Since the S. coelicolor genome sequence has been completed (4), a
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database search for the sequence of the DNA flanking the transposon was performed.
Insertions were identified at scattered locations throughout the S. coelicolor chromosome
(Fig. 2). Many insertions resulted in readily observable mutant phenotypes. To
demonstrate the correlation between the mutant phenotypes and the transposon insertions,
chromosomal DNA was prepared from each mutant and introduced by transformation
into the wild-type strain, selecting for the antibiotic-resistance marker of the transposon.
If the transposon insertion was linked to the mutant phenotype, then all transformants
should have the same phenotype as the originally isolated mutant. The frequency of
mutations that had a phenotype attributable to the transposon insertion was approximately
60%.
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FIG. 2. Genomic positions of transposon insertions. The positions of transposon insertions are shown on
the outside of the chromosome (circle). Insertions in known developmental genes are shown in blue, and
the insertion in ssdA (SCO5181) appears in red. Known genes are positioned on the inside of the
chromosome for reference. Numbers represent gene assignments of the Streptomyces genome project
(Bentley et al., 2002).
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Analysis of transposition efficiency for interspecies conjugation from E. coli to S.
coelicolor.
PEG-mediated protoplast transformation, used for the introduction of transposon
delivery vector pJA77, is mutagenic, and most likely accounts for a large proportion of
the forty percent of mutant phenotypes that did not correspond to the transposon
insertions. In an attempt to increase the frequency of transposon insertions linked to the
mutant phenotypes, we conducted an analysis of transposition efficiency for the
interspecies conjugation of transposon delivery constructs between E. coli and S.
coelicolor. Plasmid pJA77 was designed to be a matable transposon delivery vector.
Although this plasmid is derived from matable vector pIJ8668 and retains oriT for
mobilization, few neomycin-resistant colonies were obtained in interspecies conjugation
experiments, using ET12567 containing pUZ8002 as the E. coli donor. The few colonies
obtained in these experiments were both neomycin and apramycin resistant, indicating
that the entire plasmid had integrated into the chromosome, most likely by homologous
recombination between the 520-bp dcw promoter sequences contained on the plasmid and
the chromosome. This result suggested that the plasmid was transferred, but
transposition did not occur. It was possible that the transposase gene was not being
expressed because no origin of second strand synthesis was present and double-stranded
DNA was not formed. In similar experiments with the site-specific integrating vector
pSET152, entire lawns of transconjugants were obtained. We therefore tested two
constructs derived from pJA77 that contained aadA and different orientations of the
SCP2* minimal replicon (a sequence likely to provide an origin for second strand
synthesis) in place of aac(3)IV on the vector backbone (Fig. 1B). These constructs
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referred to as pDUQ1 and pDUQ2 were introduced into wild-type S. coelicolor strain
MT1110 by conjugation from E. coli strain ET12567/pUZ8002. Two independent
candidates for each plasmid were verified by restriction endonuclease digestion and
conjugated into MT1110. Three independent conjugation experiments for each candidate
resulted in no colonies. Therefore, we continued to use pJA77 for all other experiments.
Visual genetic screens for the isolation of developmental mutants.
To determine the utility of the transposon for the identification of novel genes, we
conducted visual genetic screens on MS agar by replica plating primary transformants
from R2YE (medium required for the regeneration of protoplasts). MS allows the
visualization of many types of developmental mutants. The screens that we conducted
were directed at identifying mutants with insertions in four distinct classes of
developmental genes. The bld (bald) genes are involved in aerial mycelium formation,
and mutants have a bald colony appearance because they lack a fuzzy aerial mycelium
[reviewed in (12, 27)]. whi (white) genes are required for sporulation and the production
of the wild-type grey spore pigment, and therefore, mutants are easily identified by the
reduction in grey pigment (12). S. coelicolor produces two pigmented antibiotics:
actinorhodin, a blue-pigmented antibiotic (46, 58) and undecylprodigiosin, a redpigmented antibiotic (47). Thus, antibiotic overproducing mutants are readily identified
by an increased pigmentation in the surrounding agar. The final class of mutants for
which we have conducted screens was cell division mutants, which are defective in
vegetative cross wall formation as well as sporulation. Cell division mutants may be
identified by a reduction in grey spore pigment and/or a diffuse blue halo on MS agar.
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To estimate the number of developmental mutants that could be identified with
transposon insertions, insertion mutant colonies were picked randomly from
transformation plates and patched on MS containing neomycin. Of the 500 insertion
mutants analyzed in this way, 32 were recognized to possess a visual phenotype
characteristic of developmental mutants. Insertion mutants were identified that belonged
to each of the four categories of developmental mutants; and one mutant with a
phenotype similar to previously isolated division mutants was chosen for sequence
analysis, and was found to contain an insertion in a known cell division gene (refer to
section below).
In order to show that the transposon system was feasible for conducting largescale screens without labor-intensive patching, approximately 700 insertion mutant
colonies were analyzed by replica plating from the rich medium necessary for
transformation onto MS containing neomycin. Forty-two of these mutants were
identified in a screen for phenotypes characteristic of the above-mentioned four classes of
developmental mutants. Eight mutants were then chosen for further analysis, and two
were shown to possess mutations in different known developmental genes (refer to
section below).
Mutants possessing insertions in known developmental genes.
We have isolated mutants with insertions in all four classes of developmental
genes for which screens were conducted. Of the mutants identified because of their
reduced grey spore pigmentation, two have mutations in known whi genes. Upon
microscopic examination, both were found to have a wild-type sporulation phenotype,
suggesting the possibility that the insertions were positioned in the cluster responsible for
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the production of the grey polyketide spore pigment (whiE locus). This scenario was
confirmed by sequence analysis, which revealed the chromosomal locations to be in two
different genes of the whiE cluster (SCO5318 and SCO5320). These insertion mutant
strains were named DU235 and DU236, respectively. The identification of known
developmental genes validates the effectiveness of the transposon system and visual
screens.
Complementation experiments were performed to confirm that the defect in grey
pigment production was the result of the transposon insertion mutation and not another
random mutation on the chromosome. For this purpose pIJ2156, containing the whiE
locus, was introduced into whi mutants, DU235 and DU236 by conjugation with S.
coelicolor strain M145, selecting neomycin and thiostrepton resistance. Plasmid pIJ2156
completely restored the grey pigment production to a wild-type level for both whi
mutants (data not shown). Therefore, both transposon insertions were indeed linked to
the whi mutant phenotype.
Screens for cell division mutants resulted in the identification of a few mutants
that formed colonies surrounded by the characteristic blue halo, which signifies a strong
or complete block in the division process. Upon sequence analysis, we discovered that
one of these mutants contained an insertion near the 5’ end of the known cell division
gene ftsZ. As anticipated, phase-contrast examination revealed that the mutant was
completely blocked for division during spore formation like the previously described
ftsZ-null mutant HU133 (38).
To ensure that the cell division defect observed for this ftsZ mutant is imparted by
the transposon insertion, we prepared chromosomal DNA from the mutant and
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transformed it into protoplasts of the wild-type parental strain MT1110, selecting
neomycin resistance. All eight of the neomycin-resistant transformants produced blue
halos like the original ftsZ insertion mutant, indicating that the transposon insertion was
the cause of the cell division defect. We also introduced plasmid pJRM12 (containing
ftsZ only) by conjugation from wild-type strain M145, and selected neomycin and
thiostrepton resistance. pJRM12 resulted in the restoration of division as assayed by
spore formation, further verifying that the insertion mutation was the cause of the
division defect.
Mutants representing the other two classes of genes (bld and antibiotic
production) were also isolated, although no insertions in known bld or antibiotic
production genes were identified. Further analysis of six of these mutants showed that
the phenotype was either not linked to the transposon insertion (4/6) or was the result of
an insertion into a gene, the loss of which would be suspected to cause pleiotropic effects
on growth (2/6). The two latter mutants possessed insertions that disrupted SCO5515 and
SCO5362, which encode a probable D-3-phosphoglycerate dehydrogenase and a widely
conserved translation factor, respectively.
Identification of a mutant containing a transposon insertion in a novel spore shape
determination gene.
We identified a potential developmental mutant on the basis of its white colony
appearance (Fig. 3A). This mutant displayed a drastically decreased level of grey
pigmentation compared to that of wild-type parental strain MT1110, and accumulated
clear liquid droplets on the surface of colonies when grown on MS agar (Fig. 3B). These
clear droplets were not observed for the wild type. Also the mutant did not accumulate
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clear droplets when grown on R2YE, glucose MM or mannitol MM. Phase-contrast
microscopy revealed heterogeneity in spore sizes and shapes produced by this insertion
mutant. To determine whether the observed colony appearance and spore shape defect
were actually linked to the transposon insertion, chromosomal DNA was prepared from
this mutant and transformed into protoplasts of wild-type parental strain MT1110,
selecting neomycin resistance. The vast majority of transformants formed colonies
identical in appearance to those of the original insertion mutant (35/38), indicating that
the transposon insertion had caused the mutant phenotype. Eight of these identical
transformants were analyzed by phase-contrast microscopy, confirming the presence of a
spore shape defect for all eight. One of these (DU234) was chosen for further study.
Upon sequence analysis the transposon insertion of DU234 was determined to be
in codon 396 of SCO5181, a gene encoding a putative 925-amino acid integral membrane
protein of unknown function (Fig. 4). This gene is the first in a potential three-gene
operon also consisting of slpE and a slpE-like gene. slpE encodes a mycelium-associated
peptidase originally identified and characterized in S. lividans (7). The S. lividans slpE
gene is required for growth on minimal media, and the protein has high sequence
homology to aminopeptidases Tap and SlpD (7, 8, 29). SCO5181 is predicted to encode
a protein with 14 or 15 to 16 membrane-spanning domains as determined by
transmembrane prediction programs TMHMM (v2.0) (30) or TMpred (25), respectively.
The predicted protein possesses a conserved domain belonging to the uncharacterized
protein family pfam03706 (36). This family of proteins consists of integral membrane
proteins that contain a conserved phospho-glucose motif.
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(a)

(b)

FIG. 3. Visual phenotype of ssdA (SCO5181) transposon insertion mutant. Shown are the wild-type
parental strain (MT1110), SCO5181 insertion mutants (DU233 and DU234), and DU234 complemented
with cosmid 3B6, following 5 days growth on MS. The mycelial surfaces of transposon insertion mutants
DU233 and DU234 have noticeably less pigment than wild-type parental strain MT1110, and produce
droplets of clear liquid that are not seen in the wild type (a). Cosmid 3B6 completely complements the
SCO5181 insertion mutation, restoring the gray pigment production to DU234, and abolishing clear droplet
production. Magnified views of the mycelial surfaces of wild-type MT1110 (A), SCO5181 insertion
mutant DU234 (B) and DU234 complemented with 3B6 (C) are also shown (b).
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FIG. 4. The chromosomal region containing the ssdA (SCO5181) insertion. The putative three-gene
operon, containing ssdA (SCO5181), with the locations of pertinent restriction sites is shown. Labeled
open arrows indicate gene positions. The numbered boxes refer to the gene nomenclature used by the
Sanger Centre S. coelicolor genome project (eg., SCO5181). Horizontal bars positioned below the
chromosomal regions correspond to DNA inserts in plasmids used for genetic complementation
experiments. Plasmid pJA115 is similar to pJA114, but contains an 804-bp deletion (indicated by asterisk
set off by parentheses), resulting in SCO5181 as the only complete ORF on the plasmid DNA insert.
Both plasmids resulted in the complete genetic complementation of the insertion mutant as indicated in
the labeled column on the right (+, complementation).

The spore shape defect imparted by the SCO5181::aphI mutation was examined
further by microscopy. The wild-type parent strain MT1110 produced primarily long
chains comprised of spores that were of consistent size and shape. Even chains of fifty or
more spores rarely contained more than a few aberrant members. Phase-contrast analysis
of DU234 revealed the presence of approximately 15% normal spore chains. The vast
majority of spore chains contained large numbers of aberrantly shaped and/or sized
spores. Multiple categories of anomalous spores were observed at a high frequency,
including very rounded, square, and elongated spores that were noticeably larger or
smaller than those produced by the wild type (Fig. 5). Despite the irregularity of the size
and shape of the spores within chains, chromosome segregation apppeared to be normal.
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One copy of the genome was present per spore compartment as assayed by confocal
fluorescence microcopy of samples stained with propidium iodine (data not shown).
Because of the strong spore shape defect associated with insertion mutant DU234 we
subsequently refer to the newly identified gene SCO5181 as ssdA for spore shape
determination.

FIG. 5. Phase-contrast microscopy of wild type, ssdA mutant and complemented strain. The panels
show phase-contrast micrographs of impression slides from MS agar after 5 days of growth. Wild-type
strain MT1110 produces long chains of normal sized spores (A). The ssdA insertion mutant DU234
produces spores that are heterogenous in shape and size (B-D). Plasmid pJA115, containing ssdA
(SCO5181) as the only complete gene, restores normal spore formation to ssdA mutant DU234.

Genetic complementation of an ssdA insertion mutant.
Genetic complementation experiments were performed to ensure that the spore
shape defect of insertion mutant DU234 was attributable to the ssdA mutation and not a
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polar effect on the downstream genes of the potential three-gene operon. Cosmid 3B6
was integrated into the chromosome of DU234 by single homologous recombination. As
expected cosmid 3B6, containing the ssdA (SCO5181) gene and large flanking regions,
fully complemented ssdA mutant DU234. The complemented mutant, containing 3B6 at
the insert-directed site, no longer produced the clear liquid droplets on the surfaces of its
colonies and the normal level of grey pigmentation was restored to the aerial mycelium
(Fig. 3). The complete complementation of this strain by 3B6 was also confirmed by the
restoration of normal spore formation (data not shown). This provided further evidence
that the insertion was linked to the mutant phenotype. Next, two small plasmids (pJA114
and pJA115) were used in the genetic complementation of the SCO5181 insertion
mutant. The 6.4-kb Acc65I fragment of plasmid pJA114 contains ssdA (SCO5181), as
the only gene from the prospective three-gene operon, and adjacent, divergently
transcibed gene SCO5182. Like cosmid 3B6, this plasmid resulted in the full
complementation of the ssdA insertion mutant when integrated at the φC31 attachment
site on the chromosome (data not shown). Finally plasmid pJA115, containing ssdA
(SCO5181) as the only complete ORF, also resulted in the complete complementation of
the insertion mutation (Fig. 5E). Therefore, the spore shape defect is solely attributable
to the transposon insertion in ssdA (SCO5181), and not the result of a polar effect on the
downstream peptidase-encoding genes.
Electron microscopic examination of an ssdA insertion mutant.
To examine the morphology of spore cell wall formation for the ssdA insertion
mutant DU234, we analyzed thin sections by transmission electron microscopy (TEM).
Upon microscopic examination, the vegetative hyphae appeared normal, and typical
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vegetative cross-walls were present at a frequency comparable to that of wild type (data
not shown). Chains of spores were easily identified, but a high frequency of spores
contained in these chains appeared morphologically abnormal (Fig. 6). The same
categories of misshapen spores that were observed using phase-contrast microscopy,
were viewed in TEM thin sections (see phase-contrast description above). These
morphologies included spores that were very rounded, square, or elongated, and were
often of atypical size. In addition to the heterogeneity in spore size and shape, an obvious
spore cell wall defect was detected. The cell walls of ssdA mutant spores were unusually
thick, but presumably differed in composition from the wild type since this thickened
area was not electron dense (Fig. 6A versus 6B).
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FIG. 6. Transmission electron micrographs showing the morphology of ssdA mutant spores. The
panels show TEM thin sections through representative sporulating aerial filaments. The morphologically
normal spores produced by wild type parental strain MT1110 are shown in Panels A and D. Various
aberrant spore morphologies produced at a high frequency by the ssdA mutant DU234 are also shown (B, C
and E-H).
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DISCUSSION
We have created a high efficiency in vivo mini-transposon system for the random
insertional mutagenesis of S. coelicolor based on a hyperactive version of Tn5
transposase. The system described here is the most efficient of any published transposon
system for the generation of random mutations in Streptomyces. It is suited to the
identification of novel genes via the genome-wide insertional mutagenesis of S.
coelicolor, S. lividans and potentially other streptomycetes. Our results indicated that
99% of the colonies obtained in mutagenesis experiments contained a transposon
insertion, and the insertions generated by this Tn5-based in vivo system were linked to
the mutant phenotype at an approximately 60% frequency.
Several in vivo transposon systems for the mutagenesis of Streptomyces have been
described previously. Many of these systems rely upon unstable, multi-copy delivery
vectors that are transformed into Streptomyces (13, 23, 39, 51-53, 56). Tn4560 from S.
fradiae, one of the most highly efficient transposons available for the mutagenesis of
Streptomyces has only a 0.1 to 1% efficiency of transposition for the total number of cells
obtained after transformation and cell propagation (13, 28). Like our mini-transposon,
Tn5493 (published in 1997) is Tn5-derived (56). It consists of IS50 inner and outer ends
flanking tsr, and is contained on the temperature-sensitive delivery vector pJOE2577.
This construct also utilizes a hyperactive version of Tn5 transposase encoded by tnpA,
which is under the control of the promoter of the mercury resistance operon. A deletion
mutant of S. lividans was required as the host strain for mutagenesis because this species
normally represses the mercury resistance operon. For this system, up to three percent of
propagated cells contain a transposon insertion, a higher efficiency than was reported for
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Tn4560. In experiments performed with S. coelicolor, where a mercury resistance
repressor may or may not be present, the transposon did not insert itself into the
chromosome (JRM, unpublished). In marked contrast the suicide vector delivery system
we describe here had an efficiency of approximately 99% transposition for the total
number of primary transformants for both wild-type S. coelicolor and S. lividans. The
remaining one percent presumably contained the transposon delivery vector integrated
into the chromosome by single homologous (Campbell-like) recombination between the
dcw promoter regions.
Another disadvantage to unstable vectors such as those described for the delivery
of Tn4560 and Tn5493 is the need for multiple rounds of unselected propagation for
plasmid curing. This can result in a very high frequency of clonally related transposon
insertion mutants compared to the use of suicide delivery vectors (28). Also the elevated
temperatures, required for plasmid curing of some delivery vectors, are mutagenic. As
additional testimony to the inefficiency of these systems, no published mutants have been
identified using Tn5493 and only a few research groups have used Tn4560 to identify
novel genes (15, 16, 50).
The Tn5-based in vivo system we describe is less time-consuming and laborious
than previously described in vitro systems that often rely upon transposon libraries
created in E. coli and double homologous recombination (marker replacement) of the
mutated alleles into the Streptomyces chromosome. These steps are bypassed when using
an in vivo system. For one recently published Tn5-based in vitro system, only about 2025% of the mutant phenotypes were attributed to the transposon insertion (17). This low
frequency of linkage was further complicated by the extremely low percentage of
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transformants that arise by double homologous recombination. Therefore, only about
five percent of the transformants arose by double homologous recombination, while the
rest were merodiploids, containing the entire integrated plasmid. Thus the in vivo system
that we describe has an overall efficiency of 60%, while in vitro systems result in only
about one percent of primary transformants lacking a delivery vector and containing only
a single, linked transposon insertion.
The transposon system that we describe is especially suited to the random
mutagenesis of Streptomyces, offering a high efficiency system that can be manipulated
to offer greater versatility. The system may be modified to include other markers and
reporters. For example the EGFP gene (enhanced green fluorescent protein) may be
added to create random transcriptional or translational fusions, making it possible to
screen for compartment-specific expression and sub-cellular localization. Also FRT or
restriction endonuclease sites that bracket the drug resistance marker of the transposon
can be added for the removal of the transposon marker and the resultant insertion of only
a short sequence or tag.
We also report the identification and partial characterization of a novel
developmental gene using the transposon system described here. The insertion mutant
was identified because it displayed a reduced level of grey pigment in the aerial
mycelium in comparison to the wild-type parental strain. The identification of this
mutant again illustrates the utility of the transposon system, used in conjunction with
visual screens, for the identification of novel genes. The transposon insertion was in
SCO5181, an ORF that we have named ssdA (spore shape determination) because of the
obvious spore-shape defect displayed by the mutant.
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Genetic complementation experiments indicated that the transposon insertion in
ssdA was solely responsible for the spore shape defect that was characteristic of the
mutant, and not the partial result of polarity on the downstream genes of the potential
three-gene operon. The ssdA gene is predicted to encode an integral membrane protein
that potentially contains 14 to 16 membrane-spanning segments. SCO7007 is an ORF
located elsewhere on the chromosome that is predicted to encode a much smaller protein
with a similar membrane topology and one similar domain. Using transmission electron
microscopy, we observed no obvious morphological abnormalities for the cell wall
thickness of spores produced by the ssdA mutant. However a very high frequency of
misshapen spores was present including those that were very rounded, square or
elongated. We speculate that ssdA may be involved in the spore maturation process
where the shape of the spore evolves from a more spherical shape to an ovular form. We
do not know why clear liquid droplets accumulate on the surface of colonies when the
ssdA mutant is grown on MS agar. The droplets may simply be the result of an increase
in the hydrophobicity of colony surfaces, possibly because of the spore defect.
Alternatively, the strain may be overproducing a secondary metabolite. Similar to the
ssdA insertion mutant described here, an S. coelicolor whiD-null mutant also displays a
spore size and shape defect, as well as a spore wall thickening defect and an increased
frequency of lysed spores (41). However, whiD encodes a transcription factor. Because
of the related phenotypes of whiD and ssdA mutants, one target of WhiD may be ssdA.
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There are at least eleven proteins required for cell division in Escherichia coli:
FtsZ, ZipA, FtsA, FtsK, FtsQ, FtsL, DivIC (FtsB), FtsW, FtsI, FtsN and AmiC. FtsZ is
the earliest known acting cell division protein. It localizes to the mid-cell and
polymerizes to form a cytokinetic ring structure called the Z-ring. From immunofluorescence and GFP fusion experiments, the other division proteins appear to localize
to the division site in a linear order, requiring the prior localization of the Z-ring and
previous proteins of the pathway for their localization and function [reviewed in (6, 9,
24)]. Despite extensive research in a number of prokaryotes, very little is known about
the functions of many of these cell division genes. My dissertation research describes the
further elucidation of the cell division process, first by using a molecular genetic
approach to study four S. coelicolor null mutants containing deletions of cell division
genes ftsL, divIC, ftsW and ftsI, then by the development of a tool that provides a classical
genetic approach for identifying new genes involved in cell division as well as other
developmental processes.
ftsL, ftsB (divIC), ftsW and ftsI are essential for viability in E. coli and Bacillus
subtilis (9). However, not only could deletion mutants be obtained for S. coelicolor, but
mutants deleted for each of the four genes displayed medium-dependent phenotypes. The
division defect for each of the strains grown on a rich medium was largely suppressed
when the same strains were grown on a minimal medium. Mutants grown on a rich
medium produced aerial filaments that possessed regularly-spaced constrictions and the
same mutants grown on a minimal medium were able to complete division in many aerial
filaments to produce long chains of separated spores. This indicates that these genes are
not absolutely required for cell division.
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Homologues of cell division proteins FtsQ, FtsL and DivIC (FtsB) have been
identified in a variety of Gram-positive and Gram-negative bacteria, but the functions of
all three proteins in division are unknown. Recently it has been shown in E. coli and
Streptococcus pneumoniae that these bitopic membrane proteins localize to form a
subcomplex prior to their arrival at the division site (2, 18). FtsL and DivIC are highly
unstable proteins that are believed to form heterodimers or higher order multimers
through interactions of their coiled-coil domains in E. coli, B. subtilis and other bacteria
(10, 11, 22). S. coelicolor FtsL and DivIC are also predicted to interact via their coiledcoil domains. Since a double mutant displayed a phenotype that was indistinguishable
from either single mutant, the effect on cell division of removing one protein is the same
as the removal of both. Thus, a specific interaction between FtsL and DivIC is most
likely important for efficient cell division in S. coelicolor as it is in other bacteria. The
two proteins may work together for the common purpose of the FtsQ, FtsL, DivIC subcomplex, and the loss of either FtsL or DivIC destroys the sub-complex and its function.
Interestingly, ftsQ and ftsL are located in the major division and cell wall cluster
of most bacteria, but divIC is located at a distant region of the chromosome near no other
known division genes. All three proteins vary in sequence similarity and identity
amongst prokaryotes, but homologues have similar structures and topologies to each
other. The conservation of these proteins in a wide range of prokaryotes suggests the
importance of their roles in cell division. Although FtsL and DivIC are obviously
important in cell division, their functions are unknown. Using transmission electron
microscopy, thin sections of ftsL- and divIC-null mutants of S. coelicolor grown on a rich
medium, where the cell division defect was most severe, were examined. Many
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incomplete division sites appeared to have cell wall material that was forming on only
one side of the filament or was constricting from one side more than the other (Chapter 2,
Fig. 3). This observation led to the development of the model for FtsL and DivIC
function described here. Since S. coelicolor ftsL- and divIC-null mutants produced
crosswalls with more material on one side versus the other, FtsL and DivIC are likely to
be involved in the symmetric constriction of the invaginating septum (Chapter 2, Fig. 6).
S. coelicolor ftsW- and ftsI-null mutants grown on a minimal medium exhibited
similar phenotypes to those of the ftsL- and divIC-null mutants grown on the same
medium. All four mutants had medium-dependent phenotypes where the cell division
defect displayed on the rich medium was largely suppressed when the strains were grown
on a minimal medium. However, the phenotypes of ftsW and ftsI mutants grown on a
rich medium differed in four ways from the divIC and ftsL mutants. The number of aerial
hyphae present in phase-contrast samples of ftsW and ftsI mutants was greatly reduced in
comparison to that of the divIC and ftsL mutants. The aerial filaments produced by ftsW
and ftsI mutants possessed regularly-spaced, shallow constrictions that were not as easily
discerned as the constrictions produced in divIC and ftsL mutant aerial filaments. Around
two or three days of growth on a rich medium, divIC and ftsL mutants produced aerial
filaments that coiled like those produced by whi mutants (mutants blocked at an
intermediate stage of sporulation). However the ftsW and ftsI mutants did not produce
coiled aerial filaments. The presence of only straight aerial filaments with barely visible
constrictions positioned about a spore length away, provide evidence that ftsI and ftsW
mutants are able to initiate division, but may be blocked at an earlier stage in the process
than the ftsL and divIC mutants or have a reduced ability to form a crosswall at the base

155

of aerial filaments to initiate compartment-specific gene expression. Additionally, ftsInull aerial filaments were much shorter than those produced by ftsW-, ftsL- or divIC-null
strains, suggesting that ftsI may possibly be involved in lateral wall peptidoglycan
synthesis during cell elongation in addition to division.
All four mutants have the ability to complete division to form long spore chains
on minimal glucose medium (over 30% of aerial filaments), suggesting that the proteins
may be, at least in part, functionally redundant to other proteins in the genome.
Alternatively, the four proteins may be dispensable for cell division in S. coelicolor
Convincing homologues of ftsL and divIC were not present. However S. coelicolor
contains a total of four SEDS-PBP pairs, including FtsW-FtsI. These pairs are involved
in peptidoglycan synthesis. SEDS (shape, elongation, division, and sporulation) family
proteins have unknown functions, but are believed to work in conjunction with a cognate
penicillin-binding protein (PBP). Thus, one or more of the putative PBPs of S. coelicolor
may typically be involved in septation or be able to compensate for the septum-specific
transpeptidase activity of FtsI.
The vegetative crosswalls and sporulation septa of S. coelicolor are spatially and
morphologically distinct from one another (27). Before the studies described here, it was
assumed that the known cell division genes would be involved equally in the division of
both vegetative and aerial filaments. However, it became apparent following TEM
examination that ftsL, divIC, ftsI and ftsW mutants grown on a rich medium show an
increased ability to produce morphologically normal vegetative crosswalls (about 50%)
in comparison to their ability to produce normal sporulation septa (approximately 3%).
In addition to the two SEDS-PBP pairs that are normally found in prokaryotes, B. subtilis
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contains a third homologous pair that is required for sporulation (16). Analogously, S.
coelicolor may utilize different pairs for different aspects of its life cycle. For example,
one pair may function primarily in elongation during vegetative growth, while another
plays a dominant role in the elongation of aerial hyphae. Likewise, the other two pairs
may function to different extents in vegetative crosswall formation versus sporulation
septation. It is also possible that functional homologues of FtsL and DivIC exist that are
used primarily for vegetative crosswall formation.
In addition to the distinctions in placement and morphology of the septa, the
regulation of cell division differs in vegetative and aerial filaments. The whi genes
encode proteins specifically involved in the regulation of cell division of the aerial
hyphae [reviewed in (3)]. ftsZ expression is known to be a target of certain Whi proteins.
Upregulation of the ftsZ sporulation promoter ftsZp2 depends on the action of at least six
Whi proteins (7). It is possible that other genes that encode proteins of the division
apparatus are also targets of Whi regulation. The coiled aerial filaments produced by ftsL
and divIC mutants on a rich medium, and to a lesser extent on a minimal medium, are
reminiscent of certain whi mutants, suggesting that ftsL and divIC may also be targets of
Whi regulation.
Until quite recently the cell division pathways for various bacteria were thought to
be quite different from each other, despite the presence of many of the same proteins.
Protein localization studies indicated that proteins arrived at the E. coli division site in a
linear order [reviewed in (9, 24)]. However, B. subtilis proteins seemed to be
interdependent upon each other for their localization [reviewed in (6)]. In the light of
new data obtained using a novel premature targeting technique, the interactions between
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division proteins in E. coli are probably much more similar to those between the
homologues in B. subtilis, and presumably most other prokaryotes, than was previously
thought (10, 11). Thus the division apparatus and the mechanisms employed for the
septation process are most likely highly conserved among prokaryotes. Still distinctions
in the division site protein composition and characteristics exist between organisms
[reviewed in (16)], making it imperative to dissect the cell division pathways of many
organisms to gain a better understanding of the commonalities and variations in the
septation process.
The advent of a high efficiency transposon system suitable for the random
insertional mutagenesis of chromosomal DNA, provides a way to identify new cell
division genes in S. coelicolor that may prove to have homologues in other bacteria.
Transposon mutagenesis is not practical for the study of cell division in other organisms
because it creates insertion mutations that result primarily in null mutations. Since the
process is non-essential in S. coelicolor, transposon mutagenesis is an excellent method
for the isolation of new cell division genes that are essential in other organisms. The
transposon system that I have designed is a Tn5-derived mini-transposon system that
permits the single, stable insertion of the transposon into the Streptomyces chromosome.
Upon analysis of transposition efficiency, it was found that the transposon inserts
randomly and at high frequency, making it especially suited for conducting genetic
screens. Ninety-nine percent of primary transformants were neomycin resistant (minitransposon marker) and apramycin sensitive (marker on vector backbone), the remaining
one percent presumably contained the entire plasmid integrated into the chromosome by
single homologous (Campbell-like) recombination between the dcw cluster promoters.
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This result was considerably higher than that of the most efficient published in vivo
transposon systems for Streptomyces, where the number of progeny with transposon
insertions, even after multiple rounds of propagation to allow plasmid curing, was only
between one and three percent (5, 15, 25). Also in vitro systems that must rely upon
double homologous recombination between plasmids of a transposon insertion library
and the host chromosome only result in about five percent non-merodiploid primary
transformants with a single insertion. The remaining 95% of transformants arise from
single homologous recombination and must be propagated to allow for marker
replacement. Therefore the system described here resulted in an efficiency that was
much higher than that for all other published transposon systems for the insertional
mutagenesis of Streptomyces [e.g.(5, 8, 13-15, 25)]. Furthermore the frequency of
mutant phenotypes that were directly attributable to the transposon insertions was 60%.
This linkage rate appears to be higher than those of other transposon systems. For one
recently published Tn5-based in vitro system the linkage frequency is only 20-25% (8).
The transposon system described here can also be used for the high efficiency insertional
mutagenesis of S. lividans (Chapter 5) and presumably other streptomycetes. Thus, this
transposon system should prove to be an invaluable tool for Streptomyces genetics since
an efficient in vivo system has been previously unavailable.
To demonstrate the utility of the described transposon system for the
identification of novel genes, visual screens were conducted to isolate transposon
insertion mutants with interesting developmental phenotypes. A screen for whi mutants
resulted in the isolation of two mutants possessing insertions in different genes of the
whiE cluster, an operon required for the production of the gray spore pigment (Chapter 5,
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Fig. 2). A similar screen for cell division mutants resulted in the isolation of a strain
containing an insertion in known cell division gene ftsZ. The identification of known
genes proves that specific classes of mutants can be identified using this transposon
system in conjunction with direct visual screens.
A mutant containing a transposon insertion in a gene of unknown function was
identified because of its whi-like visual appearance on MS agar. This mutant contained
an insertion in SCO5181, a gene that is predicted to encode an integral membrane protein
of unknown function. Upon microscopic examination, the mutant displayed defects in
spore shape and size, and therefore SCO5181 was named ssdA for spore shape
determination. A whiD-null mutant also has spore shape and size defects that are coupled
to a defect in spore wall thickening and an increase in the frequency of lysed spores (17).
WhiD is a transcription factor. The whi-like ssdA insertion mutant was not given a whi
gene designation because its protein product may play an enzymatic role rather than a
regulatory one. It is possible that ssdA is regulated by WhiD, and this results in the
similar phenotypes for the mutants. The identification of this mutant again illustrates the
utility of the transposon system, used in conjunction with visual screens, for the
identification of novel genes. Therefore, this transposon system is useful for the
identification of genes involved in a variety of cellular processes, including cell division
and sporulation.
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